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Investigations of. several interference effects in 

t high frequency plasmas of analytical importance 

George Frederic Larson 
. , 

Under the supervision of Velmer A. Fassel 
From the Department of. Chemistry . . 

Iowa State University 

Investigations of the extent to which certain inter- 

element or interference effects occur in a radiofrequency- 

excited inductively coupled plasma (ICP) are reported. ' 

Under conditions normally employed for analytical purposes, 

it is shown that: (a) two solute vaporization interferences 

often observed in flames are eliminated or reduced to,'negli- 

gible proportions in the plasma; (b.) increasing concentra- 

tions 'of an easily ionizable element (Na) .up to concentra- " 

tions of 6900 pg/ml exerted an unusually low tnfluence. on 

the observed emission intensities of three selected elements 

(Ca, Cr, and Cd) of widely differing degrees of ioniz,ation. 

The high degree of freedom from interelement effectsof this 

analytical technique is further documented by the observation 

'USERDA Report IS-T-741. . This work. was performed under 
Contract W-7405-eng-82 'with the Energy' Resear.ch and De.velop- 
ment.Administration. 



that a variety of matrices did not affect the emission 

intensity of Mo to a s.ign1ficant extent. 

A comparison of the degree to which several interference 

effects are observed in a microwave-excited single electrode 

plasma (SEP) and in an ICP shows that the severe changes 

observed in the SEP are small or negligible in the ' ICP . .  . 

The spectral interferences arising from stray light and 

from the wings of broadened emission lines in atomic 

emission spectrometry are discussed. Experimental evidence 

is presented showing various forms of stray light originating 

from defects in the optical components, design and engineer- 

ing of optical spectrometers. ~xperimental' evidence is..also 

presented demonstrating that the wings of certain . . spectral. 

lines emitted by high temperature sources may contribute a 

significant continuum at wavelengths as far removed as 10 nm 

or more from the line center. 
, , 

. . 



CHAPTER I. INTRODUCTION 

S ince  t h e  i n i t i a l  s t u d i e s  of  t h e  a n a l y t i c a l  a p p l i c a t i o n s  

of t h e  i n d u c t i v e l y  coupled plasma (ICP) by Green f i e ld  and 

a s s o c i a t e s  (1) and Wendt and F a s s e l  (2,3), t h e  ICP  has  

emerged a s  a very  u s e f u l  e x c i t a t i o n  sou rce  f o r  t h e  simul-  

t aneous  mul t i e lement  de t e rmina t ion  of t r a c e  e lements  i n  

s o l u t i o n .  The a n a l y t i c a l  a p p l i c a t i o n s  o f  t h e  ICP have been 

reviewed r e c e n t l y  ( 4 - 9 ) .  The samples a r e  u s u a l l y  examined 

by g e n e r a t i n g  an a e r o s o l  o u t  of  t h e  s o l u t i o n  c o n t a i n i n g  t h e  

a n a l y t e .  A f t e r  i n t r o d u c t i o n  i n t o  t h e  h i g h  tempera ture  

plasma, t h e  a e r o s o l  p a r t i c l e s  a r e  r a p i d l y  decomposed i n t o  . 

t h e i r  c o n s t i t u e n t  atoms. The emiss ion  s p e c t r a  e m i t t e d  by 

t h e  r e l e a s e d  f r e e  atoms a r e  d i s p e r s e d  by a spec t rome te r .  

The ou tpu t  of  t h e  d e t e c t o r  i s  r e l a t e d  t o  t h e  t o t a l  concen- , 
. 

t r a t i o n  i n  t h e  s o l u t i o n  of t h e  a n a l y t e  whose emiss ion  l i n e  

impinges on t h e  d e t e c t o r .  Because a b s o l u t e  i n t e n s i t y  

measurements a r e  n o t  made, a n a l y t i c a l  c a l i b r a t i o n  cu rves  a r e  

u s u a l l y  e s t a b l i s h e d  by measurements on a s e r i e s  o f  r e f e r e n c e  

s o l u t i o n s  o f  known composi t ion.  . To o b t a i n  a c c u r a t e  r e s u l t s ,  

t h e  composi t ion of t h e  a c t u a l  samples must. match t h a t  o f  t h e  

r e f e r e n c e  s o l u t i o n s  t o  t h e  e x t e n t  t h a t  n e i t h e r  t h e  chemical  

form nor  t h e  p resence  of concomitants  produces  a s i g n i f i c a n t  

b i a s  i n  t h e  a n a l y t i c a l  measure.. T,he p resence  of  v a r y i n g  

c o n c e n t r a t i o n s  of  co'ncomitants i n  t .he samp.les may. cause  a n  
. . .  

i n t e r f e r e n c e ,  - i . e . ,  - a  s y s t e m a t i c  e r r o r  i n  t h e  a n a l y t i c a l  



measure. ~ o n s e ~ u e n t l ~ ,  t h e  u l t ima te  scope of a p p l i c a t i o n  of , 

t h e  I C P  w i l l  depend t o  a  g r e a t  e x t e n t  on i t s  degree of 

freedom from the  i n t e r f e r e n c e  . e f f e c t s .  

The types of i n t e r f e r e n c e s  encountered i n  atomic . .  . 

emi'ssion spec t rometr ic  techniques based on t h e  vap 'or izat ton,  

a tomizat ion and e x c i t a t i o n  of l i q u i d  s.amp1e.s. may be c l a s s i - '  
. . 

f i e d  according t o  s e v e r a l  viewpoints (10)': t r a n s p o r t ,  

s o l u t e  vapor iza t ion ,  vapor phase, flame o r  plasma geometry,, 

and s p a t i a l  d i s t r i b u t i o n  i n t e r f e r e n c e s ;  s p e c i f i c , a n d  non- 

s p e c i f i c  interferences. ;  phys ica l  and chemical i n t e r f e r e n c e ~ ;  

and s p e c t r a l  i n t e r f e r e n c e s . .  These v a r i o u s , t y p e s  ,of i n t e r -  , . 

ferences  a r e  not mutually e x c l u s i v e i n  t h e i r  a c t i o n s  o r  

mechanisms. The most impor.tant types of i n t e r f e r e n c e s  a r e  

t h e  s o l u t e  vapor iza t ion ,  ionization ( a  type of vapor phase 

i n t e r f e r e n c e )  and s p e c t r a l  i n t e r f e r e n c e s .  

Solu te  vapor iza t ion  i n t e r f e r e n c e s  occur when t h e  r a t e  

of vapor iza t ion  of t h e  desolvated a e r o s o l  p a r t i c l e  i s  

a l t e r e d  by the  presence of a  concomitant ( l l , l 2 ) .  . A 
. . 

reduced e f f i c i e n c y  of f r e e  atom formation can r e s u l t  from 

t h e  formation of a  . less .  vola t i . le .  c'ompound. With t h i s  type 
. . . . 

of i n t e r f e r e n c e ,  a p l o t  . of . t h e  analyte .  'emission i n t e n s i t y  

versus t h e  concentr.ation of the. conc'omitant. e x h i b i t s  a . ' 

' 

l i n e a r  decrease i n  i n t e n s i t y  follow.ed' by a  "knee1' and a ., 

p la teau  region ( 1 1 - 1 4 ) . ,  The "knee" i n  the, curve usua l ly  

occurs a t  concentr.ation ra t . ios .  of the: .conc'omitant t o  t h e  



a n a l y t e  e q u i v a l e n t  . t o  t h e  fo'rmation of  a d e f i n i t e  r e f r a c t o r y  

compound. The p l a t e a u  r e g i o n  i n d i c a t e s  t h a t  t h e  excess  

i n t e r f e r e n t  i s  r e a d i l y  vapor ized  from t h e  a e r o s o l  d r o p l e t .  

A s o l u t e  v a p o r i z a t i o n  i n t e r f e r e n c e  may a l s o  r e s u l t  from t h e  

occ lus ion  of t h e  a n a l y t e  i n  a  r e f r a c t o r y  ma t r ix  of t h e  con- 

comitant  which i s  n o t  complete ly  vapor ized  i n  t h e  

vapor iza t ion-a tomiza t ion  source  (11-13.,15-17). . With t h i s  

t ype  of i n t e r f e r e n c e ,  t h e  a n a l y t e  emiss ion i n t e n s i t y  d rops  

smoothly toward .zero wi th  i n c r e a s i n g  concent l ia t ions  o f  t h e  

i n t e r f e r e n t .  . The ty.pes, o f  s o l u t e  v a p o r i z a t i o n  i n t e r f e r e n c e s  

d i scussed  above' may .occur i n  .c'ombination f o r  a. g iven  p a i r  of  

a n a l y t e  and i n t e r f e r e n t .  

An i o n i z a t i o n  i n t e r f e r e n c e  r e s u l t s  from a s h i f t  i n  t h e  

i o n i z a t i o n  equ i l i b r ium of t h e  a n a l y t e  (M): 

Because t h e  e l e c t r o n  number d e n s i t y .  r e l a t i v e l y  low 

combustion f lames wi th  only  'a small q u a n t i t y  o f  m e t a l l i c  

s p e c i e s  i n t roduced ,  t h e  presence  of i o n i z a b l e  e lements  

i n  t h e  sample may produce s i g n i f i c a n t . i n c r e a s e s  i n  t h e  . e l e c -  . 

t r o n  number d e n s i t y  (11,18-20). The r e s u l t i n g  s h i f t  i n  the ,  

i o n i z a t i o n  e q u i l i b r i u m  w i l l  produce .an . i n c r e a s e ,  i n  t h e  

n e u t r a l  atom number d e n s i t y  and an  accompanying ( b u t . n o t  

n e c e s s a r i l y  e q u a l )  dec rease  i n  t h e  i o n  number d e n s i t y .  

Although a  l a r g e r  number, of a n a l y t e s  w i l l  pos ses s  s i g n i f i c a n t  



d e g r e e s  o f  i o n i z a t i o n  i n  h i g h  t empe ra tu r e  plasmas t h a n  i n  

combust i o n  f l ames ,  i o n i z a t i o n  i n t e r f e r e n c e s  are n o t  

n e c e s s a r i l y  more pronounced. T h i s  i s  due  t o  t h e  h i g h e r  

e l e c t r o n  number d e n s i t y  i n  t h e  absence  o f  s i g n i f i c a n t  quan- 

t i t i e s  of  m e t a l l i c  s p e c i e s  a s  w e l l  as p o s s i b l e  d e v i a t i o n s  

from l o c a l  thermodynamic e q u i l i b r i u m  (21-25) : It i s  a l s o  

r e l e v a n t  t o  acknowledge t h a t  t h e  a d d i t i o n  o f  e a s i l y  i o n i z -  

a b l e . e l e m e n t s  t o  v a r i o u s  e l e c t r i c a l l y  g e n e r a t e d ,  h i g h  

t empe ra tu r e  plasmas ha s  been found t o  produce  s i g n i f i c a n t  

changes  i n  t empe ra tu r e  ( 2 6 - 2 9 )  and t h e  s p a t i a l  d i s t r i b u t i o n s  . 
of  t h e  a n a l y t e  s p e c i e s , ( 3 0 - 3 2 ) .  Thus, t h e  p r e s e n c e  o f  

v a r y i n g  c o n c e n t r a t i o n s  of e a s i l y  i o n i z a b l e  e l emen t s  con- 

s t i t u t e s  a  s i g n i f i c a n t  s o u r c e  of i n t e r f e r e n c e s  i n  many 

e l e c t r i c a l l y  gene ra t ed ,  h igh  t empe ra tu r e  p lasmas .  , , 

I n  ' t h i s  d i s s e r t a t i o n ,  t h e  r e s u l t s  o f  a n  i n v e s t i g a t i o n  

o f  t h e  d e g r e e  t o  which s e v e r a l  s o l u t e . v a p o r i z a t i o n  and i o n -  

i z a t i o n  i n t e r f e r e n c e s  a r e  observed i n  t h e  ICP are p r e s e n t e d  

i n  a  q u a n t i t a t i v e  manner. The r e s u l t s  o f  a compara t ive  

s t u d y  o f  s e v e r a l  i n t e r f e r e n c e  e f f e c t s  i n  t h e  ICP and i n  a  
' \ 

microwave-excited s i . ng l e  e l e c t r o d e  plasma a r e  a l s o  . 

p r e s e n t e d .  

When a tomic  emiss ion  spec t rome t ry  i s  employed f o r  t h e  

d e t e r m i n a t i o n  o f  t r a c e  e lements  a t  c o n c e n t r a t i o n  1ev.e ls  n e a r  

t h e  d e t e c t i o n  l i m i t ,  t h e  s p e c t r a l  background i s  normal ly  a 

l a r g e  f r a c t i o n  o f  t h e  t o t a l  measured s i g n a l . ,  Thus, a c c u r a t e  



background cor rec t ion  i s  a  n e c e s s i t y .  For. samples of varying 

composition, changes i n  t h e  concent ra t ions  of  concomitants 

o f t e n  produce changes i n  background l e v e l s .  , Two speci . f ic  

sources.  of these  background s h i f t s  which have received l i t t l e  

a t t e n t i o n , .  - i ' . e . ,  - s t r a y  l i g h t  and the  wings of broadened 

emission l i n e s ,  a r e  discussed.  Experimental evidence i s  . , 

presented showing various forms of  s t r a y  l i g h t  o r i g i n a t i n g .  

from d e f e c t s  i n  t h e  o p t i c a l  components, design and:engineer-  

ing  of o p t i c a l  spectrome.ters. Experimental evidence i s  a l s o  

presented i i l u s t r a t i n g  t h a t  i n  high temperature sources t h e  

wings of c e r t a i n  s p e c t r a l  l i n e s  may c 0 n t r i b u t e . a  s i g n i f i c a n t  

continuum a t  wavelengths a s  f a r  removed a s  10,nm o r  more 

from t h e  l i n e  cen te r .  



EFFECTS I N  THE INDUCTIVELY COUPLED PLASMA 

I n t r o d u c t i o n  

The presence  and degree  t o  which c e r t a i n . i n t e r f e r e n c e  . . 

e f f e c t s  a r e  observed i n  I C P t s  appear  t o  be  s e n s i t i v e l y  

dependent on a number of  plasma p r o p e r t i e s  (4-7,33-35). . I n  

view o f  t h i s  dependency, . i t  i s  i n s t r u c t i v e  t o  e x p l o r e  some .' 

of t h e  unique p r o p e r t i e s  o f .  t h e  annu la r  shaped ICP. (1,4,,36, 

37) which appear  t o  l e a d  n o t o n l y  t o  t h e  h igh  degree  . . of 

,freedom from i n t e r f e r e n c e .  e f f e c t s  bu t  a l s o  t o s o m e  of  t h e  ' . 

. . 

o t h e r  d e s i r a b l e  a n a l y t i c a l  c h a r a c t e r i s t i c s .  A schemat ic  

diagram of  t h e  t y p i c a l  a n n u l a r  shaped ICP c o n f i g u r a t i o n ,  

i n c l u d i n g  t h e  . . .  c o n c e n t r i c  q u a r t z  t ubes ,  t h e  A r  f low p a t t e r n s ,  

t h e  l o a d  c o i l ,  and t h e  magnetic f i e l d s  ( H )  induced b y . t h e  

rad iof requency  c u r r e n t s .  ( I )  i n  t h e  load  c o i l , .  i.s shown i n  

F igu re  1. For t h e  i n i t i a t i o n  of  t h e  plasma, t h e  A r s u p p o r t  
. . 

gas  i s  p a r t i a l l y  i on i zed  by a  t e s l a  c o i l  d i s c h a r g e .  . . T h e ' .  
. . 

l i b e r a t e d  e l e c t r o n s  and i o n s  couple t o  t h e  magnebtic f i e l d s  

and a r e  a c c e l e r a t e d  on each h a l f  c y c l e  of  t h e  o s c i l l a t i n g  

magnetic f i e l d .  The a c c e l e r a t e d  i o n s  and e l e c t r o n s  f low i n  

c lo sed  annu la r  p a t h s  (eddy c u r r e n t )  i n s i d e  t h e  q u a r t z  t ube .  

The e l e c t r o n s  (and i o n s )  meet r e s i s t a n c e  t o  t h e i r  flow, 

J o u l e  h e a t i n g  r e s u l t s  as a n a t u r a l  consequence, and 

a d d i t i o n a l  i o n i z a t i o n  occu r s .  The s t eps .  d i . scussed ab.o.ve 
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Figure  1. schemat ic  di:agram of t y p i c a l  annu la r  shaped plasma 



l e a d  t o  an a lmost  i n s t an t aneous  format ion o f  a plasma of  

extended dimensions.  

Thermal i s o l a t i o n  of  t h e  plasma i s  normally ach ieved  

wi th  ~ e e d ' ;  v o r t e x  s t a b i l i z a t i o n  technique  (38,39) ,  which, 

u t i l i z e s  a f low of A r  i n t roduced  t a n g e n t i a l l y  a long  t h e  

o u t e r  q u a r t z  - t u b e  as shown i n  F igu re  1. 

A f t e r  i n i t i a t i o n  of t h e  plasma, an a d d i t i o n a l  A r  f low . . 

( 1  l /min)  c a r r y i n g  t h e  suspended a e r o s o l  p a r t i c l e s  i s  

in t roduced  through t h e  c e n t r a l  q u a r t z  t u b e .  I n  o r d e r  f o r  

t h e  plasma t o  s e r v e  i t s  d e s i r e d  purpose, '  - i ' .~ . ,  t h e  produc t ion  

and e x c i t a t i o n  of  f r e e  atoms, t h e  sample p a r t i c l e s  must be 

e f f i c i e n t l y  i n j e c t e d  i n t o  t h e  plasma and remain i n  t h e  h igh  
. . 

t empera ture  environment f o r  as long  as' poss ib le . ,  This  

p h y s i c a l  s i t u a t i o n  has  been d i f f i c u l t  o r  imposs ib le  t o  

ach ieve  i n  many plasma c o n f i g u r a t i o n s  t h a t  have b.een proposed 

f o r  a n a l y t i c a l  ( 4 0 , 4 1 )  and o t h e r  (42-47.) purposes., Although . . 

t h e  t h e o r e t i c a l  basis f o r  the  r e j e c t i o n  of  p a r t i c l e s  by h igh  

tempera ture  plasmas has  n o t  been ref . ined,  t h e r e  have been 

numerous obse rva t ions  of' t h e  d e f l e c t i o n  of p a r t i c , l e s .  by 

plasmas.  The primary f o r c e  opposing . . t h e  i n j e c t i o n  o f  
. .. , . 

p a r t i c l e s  3s t h e  expansion t h r u s t  p ress .u re  o r  t ,hermal 
. . 

r e p u l s i o n  (43,48,49) .  When, gases  a r e  hea t ed  i n t e r n a l l y , ,  . 

t h e y , a r e  a c c e l e r a t e d  i n  a d i r e c t i o n  p e r p e n d 1 c u l a r . t o  t h e  

e x t e r i o r  s u r f a c e  of  t h e  plasma ( 5 0 ) .  The ' bombardment of  
. . 

t h e  oncoming p a r t i c l e s  by t.he expanding . . gas  r e s u l t s  i n ' a  

d e f l e c t i o n  o f  t h e  p a r t i c l e s .  



The presence  of a magnetic t h r u s t  p r e s s u r e  i n  t e a r d r o p  

shaped I C P 1 s  s u s t a i n e d  by laminar ,  c o a x i a l  gas  i n t r o d u c t i o n  

was o r i g i n a l l y  recognized by Chase (42,43) . and . has  a l s o  been 
. . . . 

s t u d i e d  by Waldie (45)  and Boulos (46,47) .  I n  a n  ICP t h e  

e l e c t r i c  f i e l d  and, consequent ly ,  t h e  induced c u r r e n t .  d e n s i t y  

a r e  ze ro  a t  t h e  c e n t e r .  The magnetic . f i e l d s  i n d u c e d  by t h e  

c o i l  and eddy c u r r e n t s  r e i n f o r c e  each  o t h e r  i n  t h e  o u t e r  

r e g i o n s  and oppose each o t h e r  a t  t h e  cen te r . .  These . . 

c h a r a c t e r i s t i c s  l e a d  t o  a Loren tz  f o r c e  which produces a  

magnetic compression around t h e  s i d e s  o f  t h e  plasma a c t i n g  

toward t h e  c e n t r a l  a x i s ,  (42-47). The plasma i s  t h u s  conf ined 

i n  two dimensions.  The excess  p r e s s u r e  energy can b,e con- 

v e r t e d  i n t o  k i n e t i c  energy only by expans ion ,ou tward  a l o n g  

t h e  c e n t r a l  a x i s  of t h e  plasma i n  bo th  t h e  upstr.eam and down- 

s t ream d i r e c t i o n s .  The r e s u l t i n g  f low t ends  t o  d e f l e c t  t h e  

oncoming sample p a r t i c l e s  and t r a n s p o r t  them around t h e  

plasma. However, Chase (42 )  found that w i t h  t h e . v o r t e x  

s t a b i l i z a t i o n  scheme . . n6rmally u s e d  i n  I C P 1 s  des igned f o r '  

a n a l y t i c a l  a p p l i c a t i o n s ,  t h e  'low p r e s s u r e  r e g i o n  . . .  a long  t h e  

c e n t r a l  a x i s  of t h e ,  plasma overwhelmed t h e  magnetic t h r u s t  
. . 

. . 
p r e s s u r e .  

The s k i n  . dep th  e f f e c t  of  i n d u c t i o n  h e a t i n g  has  -b.een 

used t o  good advantage i n  a c h i e v i n g  e f f i c i e n t  sample' i n t r o - .  . . 

d u c t i o n .  T h e s k i n  dep th  e f f e c t ,  - i : .~ . ,  the,  dep th  a t  which 

t h e  eddy c u r r e n t  i s  reduced t o  l / e  o f  i t s  s u r f a c e  . . va lue ,  i s  



i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  square  r o o t  of t h e  r ad io -  

f requency c u r r e n t  f requency.  This e f f e c t  l e a d s  t o  t h e  

format ion of an  i n c i p i e n t l y  c o o l e r  a x i a l  .channel .which . 

o f f e r s  l e s s  r e s i s t a n c e  t o  t h e . i ' n j e c t i o n  of  sample p a r t i c l e s  

t han  t h e  h igh  tempera ture  annulus .  The a n n u l a r  shape may 

be f u r t h e r  developed by op t imiz ing  t h e  f low v e l o c i t y  o f  t h e  

a e r o s o l  c a r r i e r  gas .  

Thus, by proper  o p t i m i z a t i o n  of t h e  c o n f i g u r a t i o n  o f  

t h e  plasma confinement t ubes ,  t h e  t a n g e n t i a l  v e l o c i t y  

component of t h e  plasma s u s t a i n i n g  . . gas ,  t h e  f requency of 

t h e  primary c u r r e n t  gene ra to r ,  and t h e  f low v e l o c i t y  o f  t h e  

a e r o s o l  c a r r i e r ,  gas ,  an  a n n u l a r  .shaped plasma p e r m i t t i n g  
. . 

e f f i c i e n t  sample i ' n jec t . ion  a long  the.  c e n t r a l  a x i s  i s  

formed. It should be r e a l i . z e d ,  t h a t .  t h e r e  e x i s t s  no unique 

c o n f i g u r a t i o n  of t h e  a n n u l a r  .shap.ed ICP. 1nve . s t i ga to r s  

have employed d i f f e r e n t  s e t s  of . the  above 'ment ioned param- 

e t e r s , t o  ach ieve  vary ing  degrees  of  a n n u l a r i t y ' a n d  sample 

r e s i d e n c e  t imes .  I n  f a c t ,  Green f i e ld  e t  a l .  ( 8 )  found t h a t  -- 
an  annu la r  shaped I C P  may be formed w i t h  laminar  o r  

t a n g e n t i a l  i n t r o d u c t i o n  of t h e  pla'sma suppor t  gas  i f  t h e  

upstream of . the  pla'sma i s  f l a t t e n e d  w i t h  an  

. a d d i t i o n a l  gas  f low intr.oduc.ed . b e h e e n  the'  samp.le in3  e c t i o n  

tube  and t h e  i n t e r m e d i a t e  q u a r t z  tube .  1nve . s t i ga t ions  of  

t h e  magnetic t h r u s t  p r e s s u r e  i n  ICP1s suppor t ed  by laminar  

gas  i n t r o d u c t i o n  (42-47) have n o t c o n s i d e r e d  t h e  i n f luence .  

of t h i s  a d d i t i o n a l  gas  f low.  



The annu la r  plasma c o n f i g u r a t i o n  l e a d s  t o  c e r t a i n  unique 

p h y s i c a l  p r o p e r t i e s  t h a t  make it a  remarkably s u c c e s s f u l  , 

vapor i za t i on -a tomiza t ion -exc i t a t i on  sou rce .  Once t h e  sample 

p a r t i c l e s  a r e  i n j e c t e d ,  they a r e  hea t ed  i n d i r e c t l y  Yia - 
convect ion,  conduc t ion j  and r a d i a t i o n  a b s o r p t i o n  a$  they  . ' 

t r a v e l  a long  t h e  narrow a x i a l  channel  i n s i d e  t h e  h igh  temper-' 
. . 

a t u r e  annulus .  The r e l a t i v e l y  long  r e s i d e n c e  t ime (on t h e  

o r d e r  o f  2. rnsec) of  t h e  sample i n  t h e  h igh  tempera ture  

r e g i o n  (up t o  ~ 7 0 0 0  K) l e a d s  t o  a n  e x c e p t i o n a l l y  h i g h d e g r e e ,  

of  a tomiza t ion ,  hence s o l u t e  v a p o r i z a t i o n  i n t e r f e r e n c e s .  

should  be n e g l i g i b l e .  Because t h e  f r e e  atoms and i o n s  r e s i d e  

a t  very low c o n c e n t r a t i o n s  i n  a  chemical ly  i n e r t  A r  @nviron- 

ment, t h e  fo rma t ion  of molecular  s p e c i e s  should  be minimized, 

which r e s u l t s  i n  r e l a t i v e l y  long  l i f e t i m e s  f o r  t h e  f r e e  atoms 

and i o n s .  

Exper imental  s t u d i e s  of  the .  d i s t r i b u t i o n  of.  t h e  

a n a l y t e  atoms and ions  i n d i c a t e  t h a t  t h e  sample and i t s  

decomposit ion produc ts  a r e  conf ined  t o  a  narrow c y l i n d r i c a l  

volume a long  t h e  c e n t r a l  a x i s .  This  confinement of t h e  

a n a l y t e  atoms and ions  appears  t o  be an  impor tan t  f a c t o r  

l e a d i n g  t o  s e v e r a l  o f  t h e  d e s i r a b l e  c h a r a c t e r i s t i c s  o f  t h e  

annu la r  shaped ICP. The i n t e r a c t i o n  of t h e  sample w i t h  t h e  

s u s t a i n i n g  eddy c u r r e n t  i s  minimized by t h e  confinement.  

For example, wi th  t h e  p re sen t .  ICP f a c i l i t y  t h e r e  was l e s s  

t h a n .  a  f ive-wat t .  change i n  t h e  forward power i n  t h e  
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t o  a n a l y t i c a l  curves  t h a t  a r e  l i n e a r  over 4 t o ' 5  o r d e r s  of  
. .  . 

magnitude (52 ,53 ) .  T h i s  f e a t u r e  o f t e n  pe rmi t s  t h e  s imul tan-  

eous de t e rmina t ion  of t r a c e ,  minor and major c o n s t i t u e n t s  

wi thout  v a r i a b l e  d i l u t i o n s  of  ' the  sample s o l u t i o n s .  

1n c o n t r a s t  t o  t h e  d e s i r a b l e  p h y s i c a l  p r o p e r t i e s  of  t h e  

annu la r  shaped I C P ,  the  t e a r d r o p  shaped ICP (2;3,54) has a 

r e l a t i v e l y  poor sample i n t r o d u c t i o n  e f f i c i e n c y .  The expan- 

s i o n  t h r u s t  p r e s s u r e  and t h e  magnetic t h r u s t  p r e s s u r e  ( i f  

laminar  plasma suppor t  gas  i n t r o d u c t i o n  i s  employed) a c t  t o  

d e f l e c t  t h e  sample p a r t i c l e s  and cause  them t o  by-pass t h e  

h igh  tempera ture  r eg ion .  I n  a d d i t i o n ,  o t h e r  d e s i r a b l e  

f e a t u r e s  of  t h e  annu la r  shaped ICP  d i s c u s s e d  above should . . 

n o t  be p r e s e n t  w i t h  t h e  t e a r d r o p  shaped I C P .  Hence, t h e  

combination of t h e  low frequency (4 .8 ,  MHz), l aminar  . . g a s  

f low p a t t e r n ,  and t h e  absence of  an a e r o s o l  d e l i v e r y  tube  

( t o  produce a  r e l a t i v e l y  h igh  i n j e c t i o n  v e l o c i t y )  may have 

played a  r o l e  i n  producing . . the i n t e r f e r e n c e s  r e p o r t e d  by . . 

V e i l l o n  and Margoshes ( 5 4 ) .  

A f u r t h e r  d i s t i n g u i s h i n g  f a c t o r  between v a r i o u s  I C P 1 s '  

i s  t h e  mode i n  which they  a r e  gene ra t ed .  For  e x a m p l e , t h e  

plasma g e n e r a t o r  may be a s e l f - e x c i t e d  o s c i l l a t o r ,  w i th  t h e  

plasma a c t i n g  a s  p a r t  of  t h e  r e sonan t  c i r c u i t ,  as used by 

Boumans and de Boer. (55,56) .  A l t e r n a t i v e l y ,  t h e  same t y p e  

of  g e n e r a t o r  may be used and coupled t o  . t h e  plasma 'v ia  - an 

impedance matching network, as utilized i n  some of  t h e  . .  



e a r l i e r  publ i shed  work from Ames Laboratory (36,37). A 

t h i r d  a l t e r n a t i v e  ( 5 2 ) ,  used i n  t h e  p r e s e n t  s tudy ,  i s  based 

on c r y s t a l  c o n t r o l  of t h e  o p e r a t i n g  f requency and t h e  u se  o f  

a tuning-coupl ing c i r c u i t  f o r  impedance matching purposes .  

I n  t h i s  ca se  t h e  plasma i s  a l e s s  ac t i . ve  c i r c u i t .  element.  
. - 

A r e l a t i v e l y  h igh  degree  o f  freedom from i n t e r f e r e n c e  

e f f e c t s  has  a l s o  been observed w i t h  a g e n e r a t o r  o f  t h e  

second type  d i scussed  above ( 5 7 ) .  However, Boumans and 

de Boer (33,34) have r e p o r t e d  somewhat d i f f e r e n t  i n t e r f e r e n c e  

e f f e c t s  produced by e a s i l y  i o n i z a b l e  e lements  w i t h  t h e i r  

f a c i l i t y .  

The e x t e n t  t o  which v a r i o u s  i n t e r e l e m e n t  e f f e c t s  occu r  

may indeed be dependent on t h e  plasma c o n f i g u r a t i o n  and on 

t h e  method of  plasma g e n e r a t i o n ,  b u t  t h e r e  a r e  o t h e r  f a c t o r s  

t h a t  p l a y  a r o l e  as we l l .  Thus, t h e  power d i s s i p a t e d  i n  t h e  

plasma, t h e  method of  sample i n t r o d u c t i o n ,  t h e . . h e i g h t  of  

obse rva t ion ,  and t h e  viewing f i e l d  o f  t h e  o p t i c a l  t r a n s f e r  

system a l l  have an  e f f e c t .  

Experimental  F a c i l i t i e s  and Procedure  

App'a'r'a t'u s 

A photograph of  t h e  a p p a r a t u s  i s  shown i n  F igu re  2 .  

De ta i l ed  d e s c r i p t i o n s  of  t h e  a p p a r a t u s , . e x c e p t  as modif ied 

f o r  t h e  p r e s e n t  s tudy ,  may be found i n  r e f e rence .  52. 



Figure 2. Plasma generation and observation facilities 

A. Radiofrequency generator; 

B, Impedance matching network; 

C. Plasma, with enclosure removed; 

D. Pneumatic nebulizer; 

E. Spectrometer 

I-' 
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Rad i'o.fr'e. .u'e.n.c. . . . 
q  y  g  e'n'e'r'at'o r A feedback c i r c u i t  was - 

added t o  t h i s  f a c i l i t y  t o  m a i n t a i n  a  c o n s t a n t  forward power 

i n  t h e  t r a n s m i s s i o n  l i n e  t o  t h e  impedance matching network 

by c o n t r o l l i n g  t h e ' s c r e e n  v o l t a g e  o f  t h e  o s c i l l a t o r .  The 

a d d i t i o n  o f  t h i s  c i r c u i t  was n e c e s s i t a t e d  by changes i n  t h e  

. r ad io f r equency  power l e v e l  produced by f l u c t u a t i o n s  i n  t h e  

mains v o l t a g e .  The e x t e n t  t o  which i n t e r f e r e n c e  e f f e c t s  

occu r r ed  was no t  a f f e c t e d  s i g n i f i c a n t l y  by t h e  p r e sence  of 

absence  of  t h e  f e e d b a c k . c i r c u i t .  The o u t p u t  power waveform 

o f  t h i s  g e n e r a t o r  o r i g i n a l l y  pos se s sed  a 60 Hz s i n u s o i d a l  

r i p p l e  r e s u l t i n g  from t h e  ac. c u r r e n t  i n  t h e  f i l a m e n t  o f  t h e  

power a m p l i f i e r  and 120 Hz sawtoo th  r i p p l e  pr.oduced by 

incomplete  f i l t e r i n g  o f  t h e  dc  v o l t a g e s  i n  t h e  genera to r ' .  

A c o n s t a n t  c u r r e n t  supp ly  ( 1 1  amp) e l i m i n a t e d  t h e ' 6 0  Hz 

r i p p l e  i n  t h e  r ad io f r equency  power waveform. The 120 Hz 

sawtooth  r i p p l e  was reduced  by i n c r e a s i n g  the.  c a p a c i t a n c e  

i n  t h e  h i g h  v o l t a g e  f i l t e r i n g  network from 4 ;F t o  1 2  ;F. 

An i n d i r e c t  method was employed t o  e s t i m a t e  t h e  magni- 

t ude  of  t h e  r i p p l e  i n  t e rms  of  power s i n c e  on ly  a  wa t tmete r  

( T h r u l i n e  ~ o d e l  43, 2500  H e lement ,  B i r d  E l e c t r o n i c  Corp . , 
Cl.eveland, OH)  des igned  f o r  c o n s t a n t  wave power m e a s ~ ~ e m e n t s  

was a v a i l a b l e .  A c a l i b r a t i o n  curve  of  t h e  v o l t a g e  on a 

s t a t i o n a r y  probe p o s i t i o n e d  i n s i d e  t h e  impedance matching 

u n i t  (which p icks '  up an. unknown f r a c t i o n  o f  t h e  r a d i o -  

f requency  f i e l d ) .  ve r su s  t h e  wa t tme t e r  r e a d i n g  i n  the .  de- 

r i pp . l ed  mode was. c o n s t r u c t e d .  The peak and min'imum power 



l e v e l s  i n  t h e  r i p p l e d  mode a t  a g iven  "average" wat tmeter  

r e a d i n g  were e s t ima ted  from t h e  wat tmeter  r ead ings  c o r r e s -  

ponding t o  t h e  peak and minimum v o l t a g e s  on t h e  probe from 

t h e  c a l i b r a t i o n  curve .  Far  t h e  "average" wat tmeter  r e a d i n g  

of 1025 W wi th  t h e  60 Hz and 120 Hz r i p p l e  ( h e r e a f t e r  . . c a l l e d  

1025 W w i th  r i p p l e ) ,  t h e  peak power was 41225 W and t h e  

minimum was k750 W .  I n  t h e  d e r i p p l e d  mode, t h e  ' r e s i d u a l  

120 Hz sawtooth r i p p l e  was ~ 3 %  peak t o  peak of  t h e  v o l t a g e  

on t h e  probe o r  Y+25 W i n  t h e  power a t  an "average" w a t t -  

meter  r ead ing  o f  1200 W .  

It should be ~ e a l i z e d  t h a t  t h e  power l e v e l s  mentioned 

i n  t h i s  work a r e  t hose  measured i n  t h e  t r a n s m i s s i o n  l i n e  

from t h e  r a d i o f r e q u e n c y  g e n e r a t o r  t o  t h e  impedance matching 

u n i t .  'They a r e  no t  e q u a l  t o  t h e  power t r a n s f e r r e d  t o  t h e  

plasma. Power l o s s e s  i n  t h e  l o a d  c o i l  may amount t o  as 

much .as ,  40% o,f t h e  rad iof requency  power i n  ' the  t r a n s m i s s i o n  

l i n e , ( 5 8 ) .  Add i t i ona l  l o s s e s  may occur  . i n , t h e  components i n  

t h e  impedance matching u n i t  o r  from i n e f f i c i e n t  coup l ing  t o  

t h e  plasma ( 4 4 , 5 9 ) .  Ca lo r ime t r i c  measurements on a dummy 

load  have been u t i l i z e d  t o  measure power l e v e l s  w i t h  I& 

f a c i l i t i e s  (8,33,44,59).  These methods posses s  u n c , e r t a i n t i & s  

because of d i f f e r e n c e s  i n  t h e  c o n d u c t i v i t i e s . o f  t h e  dummy 

load  and t h e  plasma.which l e a d  t o  d i f f e r e n c e s  i n  t h e  coup l ing  

e f f i c i e n c i e s  '(8,59). Hence, the,  c a l o r i m e t r i c a l l y '  measured 

power of  700 W acce.pted .by Bo'umans and .de B.oer .(.33) a s  ,a 

compromise f o r  s i m u 1 t a n e . o ~ ~ '  mult.ie.l'ement ana . ly s i s  w i t h  t h e  



ICP may r e p r e s e n t  a s i m i l a r  power d i s s i p a t i o n  . i n  t h e  plasma 

t o  t h e  1200 W l e v e l  i n  t h e  t r a n s m i s s i o n  l i n e  employed i n  t h e  
. .  , , 

, '  ' p r e s e n t  work. 

Ae.r.o.so'l' . . . . . ' . . . . . . . ' . . gene ra t ion  system The a e r o s o l  g e n e r a t i o n  and 

d e l i v e r y  system i s  shown wi th  t h e  t o r c h  a s s e m b l y , i n  F igu re  3. 

The pneumatic n e b u l i z e r  (60 )  i s  a t t a c h e d  t o  a 125 mm Tef lon  

p o r t i o n  of t h e  a e r o s o l  chamber t h a t  has  an i . d .  t a p e r i n g  .: 

from 28 mm t o  18  mm. The Tef lon p o r t i o n  i s  connected t o  a n .  .. 

'18 rnrn i . d ,  g l a s s  t ube  about  125 mm long .  When compared t o  

t h e  d u a l  tube  a e r o s o l  chamber ( 5 2 ) ,  t h i s  s imp le r  chamber 

reduced c lean-out  t ime between samples and decreased  t h e  
I 

magnitude of s e v e r a l  of t h e  i n t e r f e r e n c e s  (Ca-PO4 and Ca-A1) 

d i scussed  l a t e r  i n  t h i s .  c h a p t e r .  . 

Ga s' 'f l'o'w 'c '~ '~t ' ro ' j i  's'y's't'em The gas  flow c o n t r o l  system, 

except  as modif ied f o r t h e  p r e s e n t  s tudy ,  has  been p r e v i o u s l y  

desc r ibed  ( 5 2 ) .  An a d d i t i o n a l  p r e s s u r e  r e g u l a t o r  (Mode l  

93-250 Harris C a l o r i f i c  Co., Cleveland,  OH) . was. . added on t h e  

A r  manifold .  A f low c o n t r o l l e r  (No. 8942, Brooks Ins t rument  

Div.,  Emerson E l e c t r i c  Co., H a t f i e l d ,  PA) was employed on 

t h e  n e b u l i z e r  f low only and no f i l t e r  was employed. A 

p r e s s u r e  . gauge.(0-100 . .  p s i )  was added ' immediately up.stream 

from t h e  n e b u l i z e r .  t o  moni tor  t h e  p r e s s u r e  drop :ac ross  t h e  

n e b u l i z e r  o r i f i c e .  The A r  f low r a t e s  .we.re: 12 l/min plasma 
. . 

and 1 . 0  l/min ( o r  1'.3 l/min where i n d i c a t e d ) .  a e r o s o l  c , a r r i e r .  



PLASMA Ar - 

Figu re  3 .  schema ti:^ diagram o f  t o r c h  and a e r o s o l  . ,  . . 

g e n e r a t i o n  sys tem . . 



.t.lc.a.l .s. . . . 
P ystem The emiss ion from t h e  plasma was 

focused by a  1 6  cm f o c a l  l e n g t h '  x  5 cm d i a .  plano-convex, 

fu sed  q u a r t z  l e n s  p o s i t i o n e d  a t  30.2 cm (twic,e t h e  f o c a l  

l e n g t h  a t  303.4 nm) from t h e  s l i t .  The c e n t e r  o f  t h e  plasma 

. was a t  60.4 cm from t h e . s l i t .  Fixed ,15 en t r ance  and e x i t  
. . 

s l i t s  were employed. The e n t r a n c e  s l i t  h e i g h t  was masked t o  

4 mm. 

Pro'cedure . . 

The Ca, C r ,  Cd, and Mo a n a l y t e  s o l u t i o n s  were prepared  

by d i s s o l v i n g  r eagen t  g rade  C a C O  C r  meta l ,  CdO, o r  3' 
(NH4) 2M004 i n  d i l u t e  H C 1 .  The Na concomitant  s o l u t i o n .  was 

prepared  from N a C 1 .  Ten volume p e r c e n t  o f  concen t r a t ed  H C 1  

was added t o  a l l  s o l u t i o n s  s o  t h a t  any a c i d  e f f e c t s  would . 
. . .  

n o t  b i a s  t h e  r e s u l t s .  I n  p re l imina ry  exper iments  w i th  n o  

excess  H C 1  added t o  t h e  s o l u t i o n s ,  no d i f f e r e n c e s  i n  t h e  

e f f e c t s  of  NaCl and NaNO were observed.  3  
Phosphorous was added as r e a g e n t ,  grade' H3P04 ( 8 5 1 )  i n  

t h e  Ca-PO4 system. For t h e  s tudy  of  t h e  C a - A 1  system, 

A1(N03)3e6H20 o r  A l C l  were employed. 
3  

For the '  s tudy  of  . t h e  e f f e c t s  o f .  var ious .  concomi tan ts ,  on 

Mo emiss ion,  t h e  concomitants  were added as s o l u t i o n s  o f  

r eagen t  g rade  c h l o r i d e s ,  (K, Na) o r . a s  s o l u t i o n s  of t h e  meta l  

(Al, Cu, Zn) i n  d i l u t e  H C 1 .  

I n t e n s i t y  d a t a  were ob ta ined  by peaking t h e  mono- 

chromator on t h e  l i n e  and i n t e g r a t i n g  t h e  s i g n a l  f o r  24 . 
' 



seconds . .  The s i g n a l  from t h e  b l ank  was t h e n . s u b t r a c t e d  t o  

y i e l d  t h e  n e t  r e l a t i v e  i n t e n s i t y .  The concomitant  b l anks  d i d  

n o t  d i f f e r  from t h e  d i s t i l l e d  wa te r  b lank  ( w i t h i n  1% o f  . t h e  

background s i g n a l )  excep t  f o r  t h e  Na and A 1  which con ta ined  

a  measurable  r e s i d u e  of C a .  

R e s u l t s  and Discuss ion  

I n  view of  t h e  d i s p a r i t y  o f  r e s u l t s  s o  fa r  r e p o r t e d  on 

t h e  Ca-PO4 and C a - A 1  s o l u t e  v a p o r i z a t i o n  i n t e r f e r e n c e  systems 

( 4 ) ,  i t  i s  of i n t e r e s t  t o . e v a l u a t e  t h e s e  i n t e r f e r e n c e s  i n  a 

f a c i l i t y  s p e c i f i c a l l y  assembled f o r  a n a l y t i c a l  purposes  ( 5 2 )  

and ope ra t ed  under c o n d i t i o n s  used f o r  a n a l y t i c a l  purposes .  

. .Ca.-.P.0.4 .s.y.s.t,em The Ca-PO4 s o l u t e  v a p o r i z a t i o n  i n t e r -  

f e r e n c e  has  been a t t r i b u t e d  t o  t h e  fo rmat ion  of  a r e f r a c t o r y  

compound, - e . g . ,  - Ca P 0  o r  Ca3(P04)2, whose g r e a t e r  t he rma l  
2  2 7 

' s t a b i l i t y  l e a d s  t o  a reduced e f f i c i e n c y  of f r e e  atom forma- 

' . t i o n  ( 1 1 - 1 4 ) .  I n  t h e  a n n u l a r  shaped ICP Green f i e ld  'e t '  -- a l .  

(1) r e p o r t e d  a n  absence of  t h e  d e p r e s s i o n  - e f f e c t  up t o  

P O ~ ~ - / C ~ * +  molar  r a t i o s  o f  4 .  Wendt and F a s s e l  ( 3 )  and 

V e i l l o n  and Margoshes (54 )  r e p o r t e d  enhancements i n  f r e e -  

atom a b s o r p t i o n  i n  t e a r d r o p  shaped plasmas.  V e i l l o n  and 

Margoshes (54 )  a l s o  r e p o r t e d  an  enhancement of  about  100% i n  

t h e  ca lc ium free-at'om emiss ion a t  a P O ~ ~ - / C ~ ~ +  molar  r a t i o  

o f  one and even l a r g e r  enhancements i n  t h e  ca lc ium i o n  



emiss ion ,  wh i l e  F a s s e l  ( 4 )  r e p o r t e d  o n l y  small changes  i n  

f ree -a tom emiss ion  i n  a n  a n n u l a r  shaped plasma.  

The r e s u l t s  o b t a i n e d  f o r  t h e  ca lc ium-phosphate  sys tem 

a t  an  o b s e r v a t i o n  h e i g h t  of 20 mm above t h e  l o a d  c o i l  w i t h  

t h e  p r e s e n t  f a c i l i t y  a r e  shown i n  F i g u r e  4 .  I n  t h i s  and i n  

subsequen t  f i g u r e s ,  t h e  n e t  emi s s ion  i n t e n s i t i e s  o f  a g i v e n  

s p e c i e s  i n  t h e  absence  o f  a n  i n t e r f e r e n t  a r e  normal ized  t o  

100 a r b i t r a r y  u n i t s  a t  e ach  o b s e r v a t i o n  h e i g h t .  The r e s u l t s  

o f  t h i s  s t u d y  a r e  i n  g e n e r a l  agreement w i t h  t h e  o b s e r v a t i o n s '  

o f  G r e e n f i e l d  'et '  -- a l .  (1) and Wendt and F a s s e l  ( 3 )  and 

F a s g e l  ( 4 ) .  The p r e c i p i t o u s  d e p r e s s i o n  and t h e  "knee" i n  

t h e  s u p p r e s s i o n  curve  obse rved  i n  some combustion f l a m e s . a r e  

n o t  d e t e c t a b l e ,  i n d i c a t i n g  t h e  absence  o f  t h e  c l a s s i c a l  

s o l u t e  v a p o r i z a t i o n  i n t e r f e r e n c e  due t o  compound fo rma t ion .  

S i m i l a r  i n t e r f e r e n c e  cu rves  were o b t a i n e d  a t  o b s e r v a t i o n  

h e i g h t s  o f  1 5  and 25 mrn above t h e  l o a d  c o i l .  The d a t a  

p r e s e n t e d  i n  F i g u r e  4 were o b t a i n e d  a t  t h e  fo rward  power o f  

1025 W w i t h  r i p p l e .  A comparison o f  t h e  i n t e r f e r e n c e  e f f e c t s  

produced by concoml.tant PU4 3- obse rved  a t  t h e  1025 ,  W w i t h  

r i p p l e  power l e v e l  w i t h  t h o s e  o b t a i n e d  a t  t h e  d e r i p p l e d  l e v e l  

of 1200 W i s  shown i n  Tab le  I. A s  demons t ra ted  by t h e  d a t a  

i n  Table  I, t h e  r i p p l e  i n  t h e  power a t  t h e  l e v e l  which was 

b r i g i n a l l y  p r e s e n t  i n  t h e  g e n e r a t o r  had no' measurab le  i n f l u -  

ence  on t h e s e  i n t e r f e r e n c e s .  The s l i g h t  s u p p r e s s i o n  t h a t  i s  

2+ observed a t  P O ~ ~ - / C ~  approach ing  1 0 0 0  i s  p robab ly  a t t r i b -  

u t a b l e  t o  a t r a n s p o r t  i n t e r f e . r e n c e  r e s u l t i n g  from changes  i n  
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F i g u r e  4. E f f e c t  o f  phosphor ic  a c i d  on Ca emiss ion  i n t e n s i t y  a t  20 rnrn 
above l oad  c o i l  ( 0 . 5  'vmol/ml 'Ca) 



T a b l e  I .  Comparison o f  t h e  e f f e c t s  o f  p h o s p h a t e  and  A 1  on Ca e m i s s i o n  w i t h  and  
w i t h o u t  r i p p l e  i n  t h e  r a d i o f r e q u e n c y  power 

I n t e n s i t y  r a t i o a  

H e i g h t  above  l o a d  c o i l  (mrn): 1 5  20 25 

~ i p p l e ~  D e r i p p l e C  ~ i p p l e ~  D e r i p p l e C  ~ i p p l e ~  D&rippleC 

I n t e r f e r e n c e  sys t em 
E m i s s i o n  l i n e  

a h t e n s i t y  r a t i o  = n e t  i n t e n s i t y  w i t h  i n t e r f e r e n t  i n e t  i n t e n s i t y  w i t h o u t .  . 

i n t e r f e r e n t  . 
b ~ i p p l e  = 1 0 2 5 '  W w i t h  r i p p l e  power l e v e l .  

C ~ e r i p p l e  = 12.00 W d e r i p p l e d  power l e v e l .  

d ~ o l a r  R a t i o  P04/Ca = 1000.  

e ~ o l a , r  R a t i o  A l / C a  = 100.  . . 

f ~ o l a r  R a t i o  A l / C a  = 300; 200 p mol/ml Na p r e s e n t .  



t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  s o l u t i o n s .  1t' i s  impor t an t  

t o  no t e  t h a t  a P O ~ ~ - / C ~ ~ +  molar  r a t i o  o f  1000 h e r e  i s  

e q u i v a l e n t  t o  approximately  5 w t .  % H3P04, which may be 

cons idered  t h e  a n a l y t i c a l  e q u i v a l e n t  o f  de te rmin ing  ~a i n .  

H3POv 

Ca-A1 s'y's't em The s u p p r e s s i o n  of Ca free-a tom forma- 

t i o n  i n  t h e  p resence  of i n c r e a s i n g  c o n c e n t r a t i o n s  o f  A 1  has, 

a l s o  been a t t r i b u t e d  t o  t h e  fo rmat ion  of a r e f r a c t o r y  com- 

pound (CaA1204, Ca3Al2O6, e t c  . ) and t o  t h e  o c c l u s i o n  of Ca 

i n  a  r e f r a c t o r y  aluminum oxide  ma t r ix  (11 ,12 ) .  I n  combustion 

f lames,  w i th  t h e  ~ 1 '  p r e s e n t  i n  s o l u t i o n  a s  A 1 C 1 3 ,  s e v e r a l  

i n v e s t i g a t o r s  have r e p o r t e d  a "knee1' fo l lowed  by a  p l a t e a u  

i n  t h e  supp re s s ion  curve i n d i c a t i n g  t h e  fo rmat ion  of a 

r e f r a c t o r y  compound (15 ,16) .  With t h e  A 1  p r e s e n t  a s  

A1(N03)3, t h e  Ca emiss ion  o r  a b s o r p t i o n  i n  f lame a t o m i z e r s  

has  been observed t o  dec rease  smoothly toward ze ro  w i t h  

i n c r e a s i n g  c o n c e n t r a t i o n s  of A 1  i n d i c a t i n g  t h e  o c c l u s i o n  of 

t h e  ~a  i n  a r e f r a c t o r y  aluminum oxide m a t r i x  (13,15-17).  I n  

t h e s e  s t u d i e s  w i t h  t h e  ICP, no d i f f e r e n c e s  i n . t h e  behav io r  

o f  A 1 C 1 3  and ~ l ( N 0 ~ ) ~  were observed.  

The Ca-A1 i n t e r a c t i o n  has  been s t u d i e d  by Green f i e ld  

e t  a l .  ( 1 )  and by F a s s e l  ( 4 )  i n  annu la r  shaped plasmas,  and -- 
a l s o  by Wendt and Fassel ( 3 )  and V e i l l o n  and Margoshes ( 5 4 )  

i n  t e a r d r o p  shaped plasmas.  These i n v e s t i g a t o r s  r e p o r t e d  

s i g n i f i c a n t l y  d i f f e r e n t  r e s u l t s .  Green f i e ld  e t a l .  -- ( 1 )  



i n i t i a l l y  r e p o r t e d  no change i n  c a l c ium atom emi s s ion  up t o  

Al/Ca molar  r a t i o s  o f  50. Wendt and F a s s e l  ( 3 ) ,  a n d . V e i l l o n  

and Margoshes ( 5 4 )  observed enhancements i n  c a l c ium f r e e -  

atom a b s o r p t i o n  i n  t h e i r  p lasmas .  L a t e r ,  F a s s e l  ( 4 )  

observe'd a s l i g h t  enhancement o f  b o t h  t h e ' c a l c i u m  atom and 

i o n  emi s s ion  and V e i l l o n  and Margoshes ' ( 54 )  r e p o r t e d  a n  

approximate  f i v e - f o l d  enhancement o f  t h e  ca lc ium atom 

emiss ion  when t h e  A l / C a  molar  r a t i o  was i n c r e a s e d  from z e r o  

The r e s u l t s  of  t h e  p r e s e n t  s t u d y  a r e  shown i n  F i g u r e  5 .  

These d a t a  were ob t a ined  a t  t h e  forward power o f  1025 W w i t h  

r i p p l e .  The absence  of any  d e p r e s s i o n  a t  low molar  r a t i o s  

i n d i c a t e s  t h a t  no measurab le  s o l u t e  v a p o r i z a t i o n  i n t e r -  

f e r e n c e  due t o  compound f o r m a t i o n . o c c u r s .  A t  Al/Ca molar  
. . 

r a t i o s  approach ing  100 (1350 pg/ml A l )  s l i g h t  s u p p r e s s i o n s  

a r e  observed i n  t h e  ca lc ium a tomic  and i o n i c  l i n e  emiss ion  

a t  15  mm above t h e  l o a d  c o i l .  Th i s  s u p p r e s s i o n  may a t  f i rs t  

g l a n c e  be a t t r i b u t e d  t o  t h e  o c c l u s i o n  o f  t h e  Ca i n  a r e f r a c -  

t o r y  aluminum ox ide  m a t r i x  f o r m e d - d u r i n g  t h e  a e r o s o l  d r o p l e t  

e v a p o r a t i o n  p r o c e s s ,  because  t h e  s u p p r e s s i o n  o f  t h e  Ca I1 

emis s ion  dec r ea sed  w i t h  i n c r e a s i n g  o b s e r v a t i o n  h e i g h t  u n t i l  

a t  25 mrn above t h e  l o a d  c o i l  i t  i s  v i r t u a l l y  a b s e n t .  

However, t h e  o b s e r v a t i o n  t h a t .  A l C l  and Al(N0 ) s o l u t i o n s  3 3 3 
produced e s s e n t i a l l y  i d e n t i c a l  r e s u l t s  i n  t h e  ICP does  n o t  

s u p p o r t  t h i s  h y p o t h e s i s .  



MOLAR RATIO (AIICa) 

F i g u r e  5:. E f f e c t  0.f A1 on Ca emiss ion  i n t e n s i t y  a t  t h r e e  h e i g h t s  
o f  o b s e r v a t i o n  above l o a d  c o i l  ( 0 . 5  pmol/ml Ca) 



The i n t e r p r e t a t i o n  of t h e  expe r imen t a l  r e s u l t s  on  t h e  

Ca-A1 i n t e r a c t i o n s  i s  r ende red  d i f f i c u l t  by t h e  p o s s i b i l i t y  

t h a t  i o n i z a t i o n  s u p p r e s s i o n  of  Ca and o t h e r  i n t e r a c t i o n s  

occas ioned  by t h e  p r e sence  o f  i n c r e a s i n g  c o n c e n t r a t i o n s  

o f  A 1  i n  t h e  plasma may obscu re  s o l u t e  v a p o r i z a t i o n  i n t e r -  
' 

f e r e n c e .  Thus, t h e  enhancement of  Ca I emi s s ion  a t  

25  mrn above t h e  l o a d  c o i l  may b e  r a t i o n a l i z e d  a s  a mani- 

f e s t a t i o n  of a s h i f t  of  t h e  Ca i o n i z a t i o n  e q u i l i b r i u m  

toward t h e  f r e e  atom, because  i o n i ' z a t i o n  of  t h e  i n c r e a s i n g  A l .  

c o n c e n t r a t i o n s  i n  t h e  plasma might  i n c r e a s e  t h e  number den- 

s i t y  of  e l e c t r o n s .  The absence  of  a s i g n i f i c a n t  s imu l t aneous  

d e p r e s s i o n  of  t h e  Ca I1 emis s ion  can  a l s o  be  r a t i o n a l i z e d  

s i n c e  t h e  d e g r e e  of  i o n i z a t i o n  of C a  - h a s  been found t o  be 

e x c e p t i o n a l l y  h i g h  [ > 9 9 %  ( 24 ,25 ) ]  i n  t h e  absence .  .of A l .  

To b u f f e r  whatever  i n t e r a c t i o n s  a r e  o c c u r r i n g  t h rough  

\ t h e  p r e sence  of r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  o f  e a s i l y  

i o n i z a b l e  e lements ,  Na was added a t  a  c o n c e n t r a t i o n  o f  

4600 pg/ml ( a s  NaNO ) t o  a n o t h e r  s e t  o f  o t h e r w i s e  i d e n t i c a l  
3  

s o l u t i o n s .  The r e s u l t s  o b t a i n e d  f o r  t h e s e  s o l u t i o n s . a r e  . '  

shown i n  F i g u r e  6 .  The a d d i t i o n  of t h i s  q u a n t i t y  o f  Na 

v i r t u a l l y  e l i m i n a t e d  t h e  i n t e r f e r e n c e  e f f e c t s  produced by 

up t o  1350 pg/ml A 1  (molar  r a t i o  N a / A l  = 4 ) .  Although h i g h e r  

A 1  c o n c e n t r a t i o n s  produced d e p r e s s i o n s  o f  b o t h  t h e  Ca I . a n d  



MOLAR RATIO (AI/Ca) 
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Figu re  6.  E f f e c t  of A1 on.Ca emiss ion i n t e n s i t y  i n  t h e  presence o f  Na a t  t h r e e  
h e i g h t s  of obse rva t ion  above load  c o i l  ( 0 . 5  umol/ml Ca; 4600 ug/ml Na) 



Ca I1 emiss ion a t  15 mm, t h e s e  dep re s s ions  were e s s e n t i a l l y  

absen t  a t  t h e  20 mm obse rva t ion  h e i g h t .  

The comparison of t h e  i n t e r f e r e n c e s  produced by con- 

comitant  A 1  w i t h  and wi thout  excess  N a  a t  forward powers of 

1 0 2 5  W wi th  r i p p l e  and 1200 W d e r i p p l e d  shown i n  Table  I 

i n d i c a t e  t h a t  t h e  r i p p l e  i n  t h e  powerhad  no major i n f l u e n c e  

on t h e  i n t e r f e r e n c e s .  The enhancement o f  t h e  Ca I . l i n e  a t  

25 mm a t  1.025 W w i th  r i p p l e  l e v e l  i s  measurably l a r g e r  t han  

t h a t  observed a t  t h e  1200 W d e r i p p l e d  l e v e l .  The same t r e n d  

was observed wi th  concomitant  N a  d i s c u s s e d  below. However, . . 

unequivocal  i n t e r p r e t a t i o n s ' o f  t h e  r o l e  o f  s o l u t e  vapor i -  

z a t i o n  and t h e  i n t e r a c t i o n s  .o.ccasioned by i n c r e a s i n g  

c o n c e n t r a t i o n s - o f  A 1  i n  t h e  nebul ized  s o l u t i o n  and i n  t h e  

plasma awai t  a  b e t t e r  unders tand ing  of t h e  n e b u l i z a t i o n  and 

t r a n s p o r t  p roces se s  and of t h e  p h y s i c a l  environment 
/ . . 

p r e v a i l i n g  i n  t h e  plasma. 

Reports  i n  t h e  l i t e r a t u r e  on t h e  e x i s t e n c e  and degree  t o  

which i n t e . r f e r e n c e  e f f e c t s  may o.ccur i n  t h e  ICP .from changing 

c o n c e n t r a t i o n s  o f  e a s i l y  i o n i z a b l e  e lements  have been r a t h e r  

l im i t ed , .  c o n s i d e r i n g  t h e  p o s s i b l e  s e v e r i t y  ..of such e f f e c t s  

and t h e  g r e a t  degree  t o  which they  have been ob.served i n  

o t h e r  e l e c t r i c a l l y  gene ra t ed  pla'smas (27-32.61-6.4). 
. . 

Hoare and Mo.styn ( 6 5 )  repor . ted  tha t  1000 pg/ml Na d i d ,  
. . . . 

not  a f f e c t  the.  emiss ion  i n t e n s i t y .  o f  B and, t h a t  10,000 ?g/rnl 



L i  produced on ly  s l i g h t  enhancements o f  a tomic  l i n e s  and 

s l i g h t  d e p r e s s i o n s  o f  i o n i c  l i n e s  f o r  an  a n n u l a r  shaped 

i n d u c t i v e l y  coupled plasma.  K i r k b r i g h t  and a s s o c i a t e s  (66 ,  

67) b r i e f l y  r e p o r t e d  t h a t  50-fold  weight  e x c e s s e s  o f .  K o r  N a  

d i d  n o t  a f f e c t  t h e  emiss ion  i n t e n s i t i e s  from 100:pg/ml S, 
. . 

100 pg/ml P, 1 0 0  pg/ml I, 1 0  pg/ml A s ,  10 pg/ml Se ,  and 

1 0  pg/ml Hg i n  t h e i r  a n n u l a r  shaped ICP. S i n c e  t h e  i n i t i a l  

d i s c l o s u r e  ( 6 8 )  o f  a  p o r t i o n  o f  t h e  r e s u l t s  p r e s e n t e d  below, 

s e v e r a l  o t h e r  s t u d i e s  on t h e  i n t e r f e r e n c e s  produced by 

e a s i l y  i o n i z a b l e  e lements  have  been p u b l i s h e d .  The r e c e n t  

s t u d i e s  o f  ~ b d a i l a h  e t  -- a l .  ( 3 5 )  a r e  i n  g e n e r a l  agreement 

w i t h  t h e  p r e s e n t  work. Agreement w i t h  t h e  recent r e s u ' l t s  

o f  Boumans and de  Boer (33,34)  e x i s t s  t o  t h e  e x t e n t  t h a t  

under  t h e  o p e r a t i n g  c o n d i t i o n s  chosen by t h e  a u t h o r s  as 

" c o m p r ~ m i s e ' ~  c o n d i t i o n s  f o r  s imu l t aneous  mu l t i e l emen t  

a n a l y s i s ,  t h e  ICP p o s s e s s e s  a  h i g h  deg ree  o f  freedom from 

i n t e r e l e m e n t  i n t e r a c t i o n s  produced by concomitant  . e a s i l y  

i o n i z a b l e  e l emen t s .  

The r e s u l L s  ur Llle p r e s e n t  s t u d y  011 the e f f e c t  o f  
. . 

300 pmol/ml Na (6900 ug/ml) on t h e  emi s s ion  i n t e n s i t i e s  o f  

a tomic  and i o n i c  l i n e s  o f  t h r e e  s e l e c t . e d  e lements  o f  . . 

d i f f e r e n t  i o n i z a t i o n  e n e r g i e s  (Ca, C r ,  and Cd) a r e  p r e s e n t e d  

i n  F i g u r e  7 .  The i o n i z a t i o n  p o t e n t i a l s  o f  ba, C r ,  and Cd a r e  

6.11,  6.76, and 8.99 eV ( 6 9 ) ,  r e s . p e c t i v e l y ' ( w i t h  no c o r r e c -  

t i o n  a p p l i e d  f o r  t empe ra tu r e  e f f e c t s  on t h e  p a r t i t i o n  

f u n c t i o n s ) .  These d a t a  were o b t a i n e d  w i t h  a n  . a e r o s o l  c a r r i e r  



F i g u r e  7 .  V a r i a t i o n  of e f f e c t  o f  N a  on a n a l y t e  emiss ion  

i n t e n s i t y  w i t h  an  a e r o s o l  c a r r i e r  gas  f low ' '  

. . 

r a t e  of 1 .0  Urnin 

Net i n t e n s i t . i e s  of  a  gi.ven s .pec ies  i n  t h e  

absence of Na a r e  n6rmalized t o  100 a r b i t r a r y  

u n i t s  a t  each h e i g h t  and power. ( A n a l y t e .  
. . 

concen t r a t i on :  ' 0.5 ymol/ml; Na concen t ra -  

t i o n :  ' 6900 pg/ml) 

X 1.025 W w i t h  r i p p l e .  
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gas flow rate of 1.0 l/min and at forward power levels of 

1025 W with ripple and the derippled levels of 900 and 1200 W. 

The magnitudes and trends of these interferences did not 

differ significantly with the forward power level or waveform 

as shown by the data in Figure 7. Hence, a small. to moderate 

ripple in the forward power waveform with an aerosol carrier 

gas flow of .l'.O l/min may be tolerated without significant . ' 

influence,on the interference effects produced by concomitant 

Na. In this context it is important to note that enhance-. 

ments in the time integrated intensities of the Ba I 553.6, 

Ba I1 455.4, Cu I 324.8, Zn I 213.9, and Zn I1 20'6.2 nm lines 

were observed with the addition of Na by Kniseley -- e.t al'. ( 70 )  

in an .ICP facility (system 111 of reference 53) . which . pos- 

sessed an %50% peak-to-valley 120 Hz ripple on the radio- 

frequency voltage envelope. A series of oscilloscope . . , 

tracings' of the time resolved emission indicated that . . the 

ripplein the power waveform played an important role in pro- 

ducing the enhancements observed with, this facility. , However ,. 

the addition' of Na to the nebulized solution had no signlfi- 

cant influence on the time resolved emission waveforms for 

the spectral lines shown in Figure 7 with the ICP facility 

employed in the present study when an aerosol carrier gas 

flow of 1.0 l/min was utilized. To resolve thi.s'discrepancy 

additional information on the instantaneous. power dissipated 

in the plasma is required. 



The e f f e c t s  of i n c r e a s i n g  N a  c o n c e n t r a t i o n s  from' - 

69 pg /ml : to  6.900 pg/ml on t h e  emiss ion i n t e . n s i t i e s  . 
. 

of : C a ,  

C r ,  and Zn wi th  a forward power of 1025 W wi th  r i p p l e  are 

p re sen ted  i n  F igu res  8-10. Before a t t e m p t i n g  some ratiorial- 

i z a t i o n s  of t h e  t r e n d s  of t h e  d a t a  p l o t t e d  i n  F igu res  ' 8  t o  

1 0 ,  i t  i s  a p p r o p r i a t e  t o  r e c a l l  t h a t  t h e  a d d i t i o n s  o f  

r e l a t i v e l y  h igh  c o n c e n t r a t i o n s  of  N a  t o  t h e n e b u l i z e d  so lu-  

t i o n  a f f e c t e d  t h e  forward and r e f l e c t e d  power leve ls .  t o  a 

very small e x t e n t ,  - i ' .~ . ,  wi thout  t h e  s t a b i l i z i n g  f e e d b a c k  

. c i r c u i t  t h e r e  was l e s s  t han  a  f i ve -wa t t  change i n  forward 

power i n  . the  t r ansmis s ion  l i n e  and o n l y a n  approximate one 

wat t  i n c r e a s e  i n  t h e . r e f l e c t e d  power when t h e  ' s o l u t i o n  

nebul ized  i n t o  t h e  plasma was changed fro,m de ion ized  wate r  

t o  a so . lu t ion  c o n t a i n i n g  2 . 3 . w t .  % Na. Under %he c o n d i t i o n s  

employed i n  t h i s  s tudy ,  e f f e c t i v e  i r o n  e x c i t a t i o n ,  tempera- 

t u r e s  were observed t o  change only $3 K / w a t t  ( 7 1 ) .  Thus 

changes i n  power absorbed by t h e  plasma do n o t  appear  t o  be 

r e s p o n s i b l e  f o r  t h e . e f f e c t s  observed.  A s  no ted  above, t h e  

e l e c t r o n s  r e l e a s e d  b y t h e  i o n i z a t i o n . o f  t h e , i n c r e a s i n g  . . . . con- 
. . 

c e n t r , a t i o n s  of an e a s i l y  i o n i z a b l e  element s u c h  a s ~ a  may 

i n c r e a s e  t h e  number d e n s i t y  of e l e c t r o n s  t o , a  s u f f i c i e n t  

degree  t o  suppress  t h e  i o n i z a t i o n  of t h e  a n a l y t e  l s p e c l e s .  . 
. 

The t r e n d s  of t h e  curves  p l o t t e d  i n  F igu res '  8 t o  10. t e n d .  t.o 

i n d i c a t e  t h e  presence  o f  a smal l  degree  of i o n i z a t i o n  . , 

suppress ion , '  - i ' . e . ,  - f o r  t h e  more e a s i l y . i o n i z e d  Ca and C r  



Na CONCENTRATION . . . .  

Figure 8. Effect of Na on Ca. emission intensity at 
three..height's ,of observation ab.o.ve .load ,.coil 
'(0 ..5 'vmoi'/ml Ca) . . 
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Figure 9 .  Effec t  of Na on C r  emission i n t e n s i t y  a t  
, . 

t h ree .  .he ights  of .ob.servation ab.o.ve . load c o i l  
'( 0 . 5  '~mol/ml C r )  
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~ i ~ u r e '  10. E f f e c t  of Na on Cd emission i n t e n s i t y  a t  
th ree .  .heights.  of .ob.servation ab.ove .load c o i l  . 
( 0 . 5  ~mo.i'/ml Cd) 
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species, there is indeed an enhancement %n neutral atom line 

intensiti.es with increasing concentrations of Na., especially 

at an observation height of 25 mm. 1f.the'analyte ionization 

suppression by the addition of large concentrations of Na ' . 

were a dominant process, then for an analyte which is highly 

ionized. (Ca) the large enhancements observed in 'the. atomic 

lines should be accompanied by much smaller depressions in . .  

the ionic lines. For a species such as Cd,' which' is .ionized 

to a lesser degree ~"5% (24,25)1, smaller enhancementi in 

the atomic line and larger depressions in the ionic lines 

would be observed with the suppression of ioniz,ation. . . The . . 

existence of some. ionization suppression is'suggested . . by the 

observation that the ionic lines are suppressed t0.a greater 

extent than the atomic lines in.Figures .8-1'0 and. that the 

enhancements of both Ca I and Cr I 'emission .are observed 

high in the plasma (25 mrn above the load coil). 

Hence,, ionization suppression resulting from , increases . 

in the electron number density (ne) plays only a minor role 

in the interferences shown in Figures 7 to 10. The absence 

of significant increases in the ne which may be inferred 
. . 

from the data in . Figures . 7 to 10 waq also foundby Kalnicky 

( 2 4 )  who determined spatially resolved nets with and without 

6900 pg/ml Na in the nebulized solution (25). Abdallah 

et al. (35) and Mermet and Robin (72) have also observed no -- 
significant increases in the ne with the addition of Na. 



These obse rva t ions  a r e  i n  c o n f l i c t  w i th  t h e  n e t s  c a l c u l a t e d  

from t h e  t h e o r e t i c a l  plasma model of Barnett"et"a1. -- ( 7 3 )  and 

of  Mermet and Robin ( 7 2 ) .  I n  t h e  t h e o r e t i c a l  plasma model of  

Barne t t '  -- et"a1. ( 7 3 ) ,  t h e  sample (Mg) was found t o  be t h e  

predominant source  of e l e c t r o n s  a t . t h e  t empera tures  .[?jOOOK 

(24 ,25) ]  which p r e v a i l  i n  t h e  a n a l y t i c a l l y  u s e f u l  observa- 

. t i o n  zone. According t o  t h i s  model, t h e  a d d i t i o n  .of Mg 

( o r  e lements  w i th  lower i o n i z a t i o n  p o t e n t i a l s )  ab .0ve.a  

c e r t a i n  Mg/Ar r a t i o  l e a d s  t o  a n  i n c r e a s e  , i n  t h e  e l e c t r o n  

number d e n s i t y .  However, u n c e r t a i n t i e s  i n  t h e  Mg/Ar r a t i o s  

due p r i m a r i l y  t o  t h e  l a c k  of knowledge of t h e  q u a n t i t y  of  

A r  which mixes wi th  t h e  sample p rec lude  a  comparison of t h e  

model and r e a l  plasmas. Mermet (22 ,23) ,  Kalnicky (24.), and 

Kalnicky' 'e't' -- ' a l .  ( 2 5 )  have sugges ted  . . t h a t  i o n i z a t i o n  e q u i l i b -  
. . 

r ium.  does no t  e x i s t  i n  t h e  ICP.  Thus, t h e  ab.se.nce of 

i o n i z a t i o n  equ i l i b r ium,  which i s  assumed t o  ex i . s t '  i n  t h e  

t h e o r e t i c a l . m o d e l s ,  may a l s o  c o n t r i b u t e  t o  t h e  d i s c r e p a n c i e s  

i n  t h e  model and r e a l  plasmas.  

Greater effects would be observed on t h e  C d  11 226.5  nm 

and C r  I1 284'.3 nm l i n e s  t han  on t h e  Ca 11' 393.4 nm l i n e  i f  

changes i n  t h e  e f f e c t i v e  e x c i t a t i o n  temperatures .  were t h e  

dominant i n t e r f e r i n g  p roces s .  Th is  i s  due t o  t h e . h i g h  exc i -  

t a t i o n  p o t e n t i a l s  of  t h e  Cd I1 C5.47 eV ( 6 9 ) ]  and C r  I1 

C5.88 eV 769) l  l i n e s ,  t h e  low e x c i t a t i o n  p o t e n t i a l  of  t h e  

Ca I1 l i n e  C3.15 .eV (69)1 ,  a n d - t h e  h igh  degree  o f  i o n i z a t i o n  



of Ca [ > g g %  (24 ,25 ) ] .  The s i m i l a r  behav io r  o f  t h e s e  l i n e s  i n  

F i g u r e s  8-10 sugg.es ts  t h a t  changes  i n  e f f e c t i v e  e x c i t a t i o n  

t empe ra tu r e s  do n o t  appea r  t o  be a domina t ing  f a c t o r .  This '  

s u g g e s t i o n  ha s  been conf i rmed by Kalnicky . (24) ' ,  who found 

t h a t  t h e  a d d i t i o n  of  6900 pg/ml Na t o  t h e  ne .bul ized s o l u t i o n  

had on ly  a  minor e f f e c t  on t h e  s p a t i a l l y  r e s o l v e d  e x c i t a t i o n  

t empe ra tu r e s  under  s i m i l a r  o p e r a t i n g  c o n d i t i o n s  ( 2 5 ) .  

It shou ld  be emphasized t h a t  t h e  r e p o r t e d  r e l a t i v e  

i n t e n s i t i e s  i n  F i g u r e s  7-10 r e p r e s e n t  t h e  e f f e c t i v e  v a l u e s  

w i t h i n  t h e  v iewing  f i e l d  o f  t h e  t r a n s f e r  o p t i c s .  The 

impor tance  o f  t h i s  f a c t o r  i s  i l l u s t r a t e d  by t h e  e f f e c t i v e  

h o r i z o n t a l  emi s s ion  p r o f i l e s  a t  20' mm above t h e  l o a d  . c o i l  

p l o t t e d  i n  F i g u r e  11. The p r o f i l e s  were o b t a i n e d  w i t h  t h e  

o p t i c a l  t r a n s f e r  sys tem d e s c r i b e d  i n  r e f e r e n c e  . . 7 1  and .no 

Abel i n v e r s i o n  ha s  been a p p l i e d . .  It i s  s een  t h a t  t h e  Ca I 

emiss ion  i s  g r e a t l y  enhanced by t h e  a d d i t i o n  o f  Na a t  a 

d i s t a n c e  of  approx imate ly  4 rnrn f rom t h e  c e n t r a l  a x i s  o f '  t h e  

plasma,  wh i l e  t h e  Ca I1 emis s ion  i s  on ly  v e r y  s l i g h t l y .  . , . , 

enhanced by Na i n  t h i s  r e g i o n .  The Cd I emi s s ion  i s  a l s o  

s l i g h t l y  enhanced o f f  a x i s  by t h e  a d d i t i o n  o f  Na w h i l e  t h e  

Cd I1 emis s ion  i s  n o t  s i g n i f i c a n t l y  a f f e c t e d  i n  t h i s  r e g i o n .  

1t' i s  q u i t e  c e r t a i n  t h a t  o t h e r  f a c t o r s  p l a y  a r o l e  i n  

t h e  t r e n d s  o f  t h e  i n t e r f e r e n c e  e f f e c t s  p l o t t e d  i n  F i g u r e s  8 

t o  10 .  Fo r  example, t h e  c o n c e n t r a t i o n  o f  Na employed may 

have b e e n  g r e a t  enough t o  produce  a t r a n s p o r t  i n t e r f e r e n c e  



F i g u r e  11. E f f e c t  of  Na on a n a l y t e  h o r i z o n t a l  emi s s ion  

d i s t r i b u t i o n  

(Ana ly te  c o n c e n t r a t i o n :  ' 0 . 5  pmol/ml; 

h e i g h t  of  o b s e r v a t i o n :  20 mm above l o a d  

c o i l ;  fo rward  power: . 1 0 2 5  W w i t h  r i p p l e )  
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caused by changes in the physical properties of the nebulized 

.solutions. 
. . 

The influence of increasing the aerosol carrier gas flow 

rate to 1.3 l/min on the interferences produced by 6900 pg/ml 

Na at the forward power of 1025 W with ripple and . . derippled 

levels of 900 and 1200 W is shown in ~ i ~ ~ r e  12. In contrast 

to the observations discussed above, relatively large 

interferences and significant variations of these with power 

level and waveform are present with an aerosol carrier gas 

flow rate of 1.3 l/min. The enhancements of all lines (from 

~ 1 5  to 280%) at the 15 mm observation height may be ration- 

alized in part by an increase in the effective excitation 

temperature. Indeed, Kalnicky (24) measured an increase in 

the excitation temperature from a4150 to 4400 K in the center 

of the plasma with the addition of'6g00 yg/ml Na to the 

nebulized solution at the 15 mm observation height with an 

aerosol carrier gas flow rate of 1.3 l/min at 1000 W forward 

power (25). This change in e.xcitation temperature would , . .  . ' 

result, in an 'increase in the Cd I , . 228'.8 nm line intensity of 

136% at the center of the plasma . . (ignoring . . shifts in. the . .  . 

ionization equilibrium), . The existence of ionization 

suppression is suggested . . by the large,decreases.in the, Cd I1 
. . 

226.5 nrn line at the 25 rnm .observation. height. Other inter- 

fering processes are 'important as suggested . . :by the large " 

. . .  

enhancements of both the Ca atom and ion lines (which, are 



Figu re  12.  V a r i a t i o n  of e f f e c t  of  N a  on a n a l y t e  emiss ion  
. . 

i n t e n s i t y  w i th  an  a e r o s o l  c a r r i e r  gas  f low 

r a t e  of 1 . 3 ' l / m i n  

Net i n t , e n s i t i e s  o f  a g iven  s p e c i e s  i n  t h e  

absence of Na a r e  normal ized t o  100 

a r b i t r a r y  u n i t s  a t  'each h e i g h t  and power. 

(Ana ly te  c o n c e n t r a t i o n :  ' 0.5 umol'/ml; 
. . 

Na c o n c e n t r a t i o n :  6900 yg/ml) 

goo w . 

0 1200 w 

x i o25  w w i th  r i p p l e  
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r e l a t i v e l y  i n s e n s i t i v e  t o  e x c i t a t i o n  tempera ture )  ' a t . 9 0 0  W. 

These enhancements a r e  g r e a t e r  t han  those  observed f o r  l i n e s  

which a r e  s i g n i f i c a n t l y  more s e n s i t i v e  t o  t empera ture  changes, 

e  .g., t h e  ~d I 228.8, Cd 11 226.5, and C r  I1 284 .'3 nm l i n e s .  - 

Boumans and de Boer ( 3 3 )  have r e p o r t e d  r e l a t i v e l y  l a r g e  

i n t e r f e r e n c e s  produced by concomitant  e a s i l y  i o n i z a b l e  

e lements  wi th  a e r o s o l  c a r r i e r  gas  f low r a t e s  o f  . 1 . 5  . l /m in .o r ,  . 

g r e a t e r  e s p e c i a l l y  a t  lower power l e v e l s  bu t  no t  w i t h . t h e  

1 .3  l/min f low r a t e .  This  d i sc repancy  may be t h e  r e s u l t  of  

any one o r  t h e  combination of t h e  d i f f e r e n c e s  i n  t h e  expe r i -  

mental  f a c i l i t i e s  and o p e r a t i n g  c o n d i t i o n s .  For example, 

i f  t h e  i n i t i a l  a e r o s o l  c a r r i e r  gas  . ve loc i ty  i s  an impor tan t  

f a c t o r  i n  producing t h e  l a r g e r  i n t e r f e r e n c e s  a t  t h e  h i g h e r  

f low r a t e ,  t h e  l a r g e r  a e r o s o l  d e l i v e r y ,  t ube  o r i f i c e  d iameter  

of  1.80t0' .  02 rnm employed by Boumans and d e  Boe r .  i n  t h e i r  . . 

most r e c e n t  s t u d i e s  (34)  .(c'ompared t o  t h e  1 .5  mm o r i f i c e  

u s e d , i n  t h e  p r e s e n t  s tudy) '  may indeed .be a f a c t o r  con t r ibu -  . 
. 

t i n g  t o  t h e  d i s c r e p a n c i e s .  Howe.ver, , i n  t h e  absence of  a 

more d e t a i l e d  knowledge of  t h e  o r i g i n s  of  t h e s e  i n t e r . f e r e n c e s  

and .of  t h e  i n f l u e n c e  of  va r ious  exper imenta l  p a r a m e t e r s , o n  . 
. 

t h e  p h y s i c a l  environment p r e v a i l i n g  i n  t h e  ICP,,,any' a t t empt  

t o  r e c o n c i l e  t h e  d i s p a r i t y  i n  t h e  observed i n t e r f e r e n c e  

effects m u s ?  r e l y  on s p e c u l a t i o n .  

The i n j e c t i o n  v e l o c i t y  of  t h e  a e r o s o l  c a r r i e r  gas  i s  

determined n o t  only  by t h e , g a s  f low r a t e  and diame.ter o f  t h e  
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o r i f i c e  of t h e  aero , so l  d e l i v e r y  tube  bu t  a l s o  by the .  con- 
. . . . .  

f i g u r a t i o n  of  t h e  d e l i v e r y  tube .  I n  t h i s  con tex t  i t  i s  

r e l e v a n t  t o  d i s t i n g u i s h  between t h e  a e r o s o l  d e l i v e r y  tube  

which t e rmina t e s  i n  a  1 . 5  mm d iameter  j e t - l i k e . o r i . f i c e  ( 7 4 ' ) '  : 

used i n  t h e  p r e s e n t  work ( f a b r i c a t e d  by c o l l a p s i n g  . . a 4:mm 

i . d .  q u a r t z  tube  on to  a P t  wi re  of 1 . 5  mm d i ame te r )  and t h e  

tube  which ' t e rmina tes  i n  a s e c t i o n  of .  s t r a i g h t - w a l l e d  

c a p i l l a r y  t ub ing .  Greenf ie ld '  'et' -- a l .  (1 ,75)  have u t . i l i z e d  an 

a e r o s o l  d e l i v e r y  tube  t e r m i n a t i n g  i n  a. 2'.0. mm i . d .  c a p i l l a r ' y  

tube  which they  d e s c r i b e  as t h e  " c o r r e c t l y  shap,ed i n j e c t o r "  

( 7 5 ) .  S c o t t  and Kokot ( 7 6 )  advoca te  t h e  use  of a c a p i l l a r y  

t ube  wi th  a smaller i . d .  o f  1 . 4  mm. The r e s u l t s  o f  some 

p re l imina ry  s t u d i e s  of  t h e  i n t e r f e r e n c e s  produced by 6900 

ug/ml N a  w i t h  an a e r o s o l  d e l i v e r y  tube  t e r m i n a t i n g  i n  a .  

50 mm s e c t i o n  of 1 .5  mm i . d .  q u a r t z  t ub ing  ( h e r e a f t e r  c a l l e d  

" c a p i l l a r y  a e r o s o l  tube")  are p r e s e n t e d  i n  Table I1 a l o n g  

wi th  d a t a  ob ta ined  .with t h e  "s tandard"  a e r o s o l  tube .  ' The 

r e p r o d u c i b i l i t i e s  of t h e ,  i n t e n s i t y  r a t i o s  w i t h  . t h e  s t a n d a r d .  

a e r o s o l  tube  a r e  g e n e r a l l y  w i t h i n  a c c e p t a b l e  l e v e l s ,  - i . e . ,  - 
. 

~ 5 % .  The most n o t a b l e  f e a t u r e s  of the.  i n t e n s i t y  r a t i o s  , f o r  

t h e  c a p i l l a r y  a e r o s o l  ' t ube  are t h e  s u b s t a n t i a 1 l y ; h i g h e r .  .. . 

v a r i a t i o n s  f o r  t h e  ,Ca I 422.7: and ~Ca I1 393.4 nm l i n e s  and 

t o  a l e s s e r  e x t e n t  f o r  t h e  C r  I 425.4 nm l i n e .  For  example, 

t h e  i n t e n s i t y  r a t i o s  observed f o r  t h e  ~a 1 1 3 9 3 . 4  nm l i n e .  , 

a t  t h e  15  mm obse rva t ion  he igh t  var . i .ed , ' .bet reen 0'. 68 a n d .  1.:15'. 



Table 11. I n f l u e n c e  o f  a e r o s o l  t ube  c o n f i g u r a t i o n  on 
.i.nte.r.f.e.r.enc.e. .e.f.f.e.c.t. due .to. N.a . . . . 

I n t e n s i t y  r a t i o a  
Spec i e s  Height  o.f S t anda rd  a e r o s o l  ' C a p i l l a r y  . a e r o s o l  . . 

o b s e r v a t i o n  t ube  t u b e  
. . . . . . . . : . . (  mm) . . . . . . . . . . .  . . . . . . . .  . . . . . . . 

CaII 393.4 nm # .  . . 

15  0'.87 + 0'.03(3) 0.93 + 0 .18(10)  
2 0  0.87 0 ' .02(3) 0.79- + 0.12(10)  
25 0.88 + '  0'.02(3) ' .0 .76 + 0.09.(10) 

Cd I 228.8 'nm 

. . 
a ~ n t e n s i t y  r a t i o  = n e t  i n t e n s i t y w i t h  6900 pg/ml Na i . 

n e t  i n t e n s i t y  wi thou t  Na. 

b ~ t a n d a r d  d e v i a t i o n  of observed ' i n t e n s i t y  r a t i o s , .  . '  

' va lues  i n  p a r e n t h e s e s  a r e  t h e  number of  determir ia t ' ions .  
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with an average of 0.93'0.18 over the course of these experi- 

ments in contrast to the range of 0.84 to 0.89 with an 

average of' 0.87+0'.03 with the standard aerosol-tube. These 

data were obtained over a period of.more than a year and 

represent variations in torch placement within the load coil, 

in nebulizer performance, and in numerous other experimental 

parameters. The relatively large variations in the intensity 

ratios shown in Table I1 suggest that adequate control of an 

unidentified experimental parameter(s) was not .maintained 

over the course of these experiments. Regardless.of the 

origins of these variations, this situation should..be 

resolved if the. capillary aerosol tube is to be. utilized .for 

analytical purposes. Systematic investigations of these two 

aerosol tube configurations are needed to determine.their 

relative merits,' - i ' .g.,  detection limits, interference 

effects, deposition of sample material. in the orifice, and 

memory effects. 

A definitive interpretation of the magnitudes and trends 

of the analyte line behavior discussed in this chapter 

requires a far more detailed knowledge of the spatial distri- 

butions of the temperatures and the analyte free atoms and 

ions, of the influence of possible deviations from local 

thermodynamic equilibrium (22-25), the ionization processes 

occurring, on the role played by the Ar sustaining gas, and 

' of the influences of the s'ample nebulization and trans.port 



processes. The present inability to interpret these results 

in a more definitive manner should not detract from the 

fact that at the height of observation (i15 to 20 mm) and 

flow 'rate (1.0 l/min) selected for excellent. powers of 

detection for a majority of elements (77) these inter- 

ferences are small or insignificant for reasonable changes 

in the concentrations of easily ionizable elements. In 

fact, these interferences are far smaller than, those 

generally observed in combustion flames (18-20) and other 

.plasmas (26-32). 

; ' . '  

The experimental results summarized above suggest . . the 

interesting and potentially very valuable 'possibility of 

es tabiishing single analytical curves for the determination 

of an analyte in a variety of matrices. Documentary evidence 

that this excitation'source, operated under the conditions 

described in this paper, offers this promise.'is shown in 

'Table 111. These data show that a complete change .in the 

matrix in solution induced a maximum change in signal of 

only -6% (Na matrix). In contrast, in a high temperature 

N20-C2H2 flame the matrix effects ranged from -70 to +50% 



Table  111. E f f e c t  o.f c o x o m i t a n t s .  on emiss ion  of 25 pg/ml Mo 

Height  above lo'ad c o i l  (mm): 15  20 2'5 f l ame  (51)  

Concomitant (2500 pg/ml) Mo Mo 11' . Mb I Mo I1 Mo' I  Mo' I1 Mo I 

None 1 0 0  100 100 1 0 0  100 100 100 

. -  

a~~ I 350.3 nm. . . 

b ~ o  I1 281.-6 nm. 

C .  Data c o r r e c t e d  for emiss ion,  by concomitant .  



Sugges t ions  f o r  Fu tu re  Research . ' , 

A newly developed u l t r a s o n i c  nebu l i ze r -deso lva t ion .  , . 

system has produced improvements i n  d e t e c t i o n  l i m i t s  by an 

o rde r  of magnitude o r  more (78)  over  t h e  p n e u m a t i c ' n e b u l i z e r  
, . 

employed i n  t h i s  d i s s e r t a t i o n  r e s e a r c h .  Because o f  t h e  

g r e a t e r  mass t r a n s p o r t  r a t e  of t h e  u l t r a s o n i c  n e b u l i z e r -  

d e s o l v a t i o n  system .and t h e  impor tan t  i n f l u e n c e s  of t h e  

e n t i r e  sample in t roduc t i0 .n  appa ra tus  on i n t e r f e r e n c e  e f f e c t s ,  

t h e  i n t e r f e r e n c e  systems s t u d i e d  i n  t h i s  d i s s e r t a t i o n  r e s e a r c h  

should be i n v e s t i g a t e d  wi th  t h e  u l t r a s o n i c  n e b u l i z e r -  

d e s o l v a t i o n  system. These i n v e s t i g a t i o n s  may be more con- 

f i r m a t o r y  than  exp lo ra to ry  i n  n a t u r e ,  s i n c e  Boumans and 

de Boer (33,311) and Abdal lah e t  -- a l .  ( 3 5 )  have observed a 

h igh  degree  of freedom fr-om i n t e r f e r e n c e  . e f f e c t s  w i t h  t h e i r  

u ' l t r a s o n i c  nebu l i ze r -deso lva t ion  systems coupled.  t o  ICP'IS.  

However, ,because of t h e  o f t e n  s u b t l e  o r  unexpected 

dependence of i n t e r f e r e n c , e  e f f e c t s  o n  v a r i o u s  exper imenta l  

parameters ,  t h e s e  s t u d i e s  a r e  neces sa ry  b e f o r e  ' t h e  u l t r a -  

son ic  nebu l i ze r -deso lva t ion  system i s  adopted.  Add i t i ona l  

i n t e r f e r e n c e  sy.stems should a l s o  be i n v e s t i g a t e d ,  

p a r t i c u l a r l y  t hose  which may occur  i n  t h e  deso lva t ion :  

appa ra tus  (34,35,79,80.).  



CHAPTER 111. COMPARISON OF INTERFERENCE EFFECTS 

I N  A MICROWAVE SINGLE ELECTRODE PLASMA 

AND I N  A RADIOFREQUENCY INDUCTIVELY 

COUPLED PLASMA 

I n t r o d u c t i o n  

I n  t h e  preced ing  c h a p t e r  i t  was shown t h a t  t h e  ICP 

posses ses  a h igh  degree  of freedom from s e v e r a l  i n t e r f e r e n c e  

e f f e c t s .  I n  a d d i t i o n  t o  t h e  ICP, t h e  s i n g l e  e l e c t r o d e  

plasma (SEP). has  r e c e n t l y  emerged as a promising a t o m i z a t i o n .  

and e x c i t a t i o n  source  f o r  t h e  o p t i c a l  emiss ion ,  d e t e r m i n a t i o n  

of t r a c e  e lements  i n  s o l u t i o n .  The SEP i s  s u s t a i n e d  by . .  

c a p a c i t i v e  coupl ing  of t h e  plasma t o  t h e  h igh  f requency , . 

. f i e l d  concen t r a t ed  a t  t h e  t i p  of  a s i n g l e  e l e c t r o d e .  ' A 

rad iof requency  (43 MHz) v e r s i o n  of such a plasma was f i r s t  \ 

employed f o r  t h e  de t e rmina t ion  of e lements  i n  s o l u t i o n  by 

~ S d g r g u '  'e t '  - - .  a l .  ( % I ) ,  and a microwave-excited v e r s i o n ,  . . i n  

which t h e  plasma was formed o n  t h e  c e n t r a l  conductor  of  a 

co-ax ia l  waveguide, was f i r s t  employed by Mavrodineanu and 

Hughes ( 8 2 )  f o r  t h e  same purpose.  The a n a l y t i c a l  a p p l i c a -  . . 

t i o n s  of t h e s e  plasmas have been r e c e n t l y  reviewed by F a s s e l  

( 4 ) ,  Greenfie ld '  e t  -- a l .  ( 8 3 ) ,  Boumans (91, and skogerboe and 

Coleman ( 8 4 ) .  Although such terms as l l c a p a c i t i v e l y  coupled 

plasma", " e l e c t r o n i c  t o rch" ,  "high f requency b rush  d i s -  

charge.", and " u l t r a  h igh  f requency plasma to rch"  have been 



employed t o  d e s c r i b e  t h e s e  plasmas,  t h e  term " s i n g l e  

e l e c t r o d e  plasmat1 o r  SEP w i l l  be used h e r e  i n  accordance wi th  

r e f e r e n c e  10.  

Although t h e  promise of t h e s e  plasmas as a tomiza t ion  and 

e x c i t a t i o n  sou rces  f o r  o p t i c a l  emiss ion s p e c t r o ~ c o p y  r e s i d e s  

p r i m a r i l y  i n  t h e i r  e x c e l l e n t  powers of  d e t e c t i o n  (4-6,9,78, 

83,84) ,  t h e i r  freedom from i n t e r e l e m e n t  i n t e r f e r e n c e s  o r  

m a t r i x  e f f e c t s  w i l l  be an  impor tan t  f a c t o r  i n  de te rmin ing  

t h e i r  e v e n t u a l  scope of  a p p l i c a t i o n  f o r  t h e  de t e rmina t ion .  

of t r a c e  meta l s  i n  samples of widely va ry ing  composi.tion. 

Thus, i t  i s  o f  i n t e r e s t  t o  make d i r e c t  compar i sons .of  t h e  

r e l a t i v e  magnitudes of i n t e r f e r e n c e  e f f e c t s  i n  plasmas 

opera ted  under exper imenta l  c o n d i t i o n s  e i t h e r  recommended 

o r  commonly used f o r .  t h e  a n a l y s i s  o f  samples, even though 

t h e s e  e f f e c t s  may be dependent on such exper imenta l  param- 

e t e r s  a s  t h e  e x c i t i n g  f requency,  t h e  n a t u r e  of  t h e  suppor t  

gas ,  t h e  method of 'coupl ing t h e  h igh  f requency 'power  supply 

t o  t h e  plasma, t h e  c h a r a c t e r i s t i c s  of  t h e  power gene ra to r ,  

t h e  power d i s s i p a t e d  i n  t h e  plasma, t h e  t o r c h  c o n f i g u r a t i o n  

and, gas flow r a t e s ,  the.  v.iewing f i e l d  of  t h e  op t . i ca1  ' ,  

t r a n s f e r  system, and t h e  method of sample t r ans spo r t  and 

i n j e c t i o n .  

Presen ted  i n  t h i s  c h a p t e r  a r e  t h e  r e s u l t s  of a comgara- 

t i v e  s tudy  of t h e  i n t e r e l emen t  e f f e c t s  observed i n  b o t h  t ,he 

SEP and t h e  ICP ( s i m i l a r  t o  t h o s e  which a r e  commercially 

a v a i l a b l e  ) produced by : (a) .  an  e a s i , l y  ioniz.ab.le. ' ,  e.l'ement 



(Na) on t h e  emiss ion i n t e n s i t i e s  of  n e u t r a l  atom and Ion  

l i n e s  of  Ca, C r ,  Mo, and Zn; ( b ) . c o n c o m i t a n t s  o f  . d i f f e r e n t  . 

i o n i z a t i o n  p o t e n t i a l  on Mo n e u t r a l  atom and i o n  l i n e  

emiss ion;  and ( c )  t h e  well-known phosphate  on ca lc ium and 

aluminum on calc ium s o l u t e  v a p o r t z a t i o n  in t e r f e . r ences .  The 
I 

r e s u l t s  of  t h i s  s tudy  a r e  i n  b a s i c  agreement w i t h  t h o s e  . o f -  

ano the r  comparative s tudy  ( 7 9 )  i n  which g r e a t e r  freedom from 
. . . . 

i n t e r f e r e n c e  e f f e c t s  was found i n  a n  ICP t h a n . i n  a SEP 

s u s t a i n e d  i n  N 2  ( r a t h e r  than  A r  as e m p l o y e d i n  t h e  p r e s e n t  
. . 

s t u d y ) .  , . 

Experimental  F a c i l i t i e s  and procedure '  

SEP 'f a'c i'l'l't y 

.The H i t a c h i  UHF ~ o r c h  Generator  employed was, similar t o  

' the  v e r s i o n  : desc r ibed  i n  r e f e r e n c e s  61  and 85. The magnetron 

(H3032L, 2.45 GHz) was opera ted  a t  an  anode c u r r e n t . o f  260 mA 

, a t  2  KV. The A r  shea th  o r  coo lan t  gas  f low between.  two ': 

q u a r t z  t ubes  concen t r i c  wi th  t h e  e l e c t r o d e  was 5'.6 l /min.  

The a e r o s o l  c a r r i e r  gas f low r a t e  between t h e  e l e c t r o d e  and 

t h e  i n n e r  q u a r t z  tube  was s e t  a t  2.6 l/min; t h e  i n t e r f e r e n c e s  

d i scussed  i n  t h i s  chap te r  were n o t  s t r o n g l y ' d e p e n d e n t  on 

t h e  a e r o s o l  c a r r i e r ,  gas .  f low r a t e  between 2 and 3 l /min. The . 

n e b u l i z e r  ( 6 0 ) ,  d u a l  tube  a e r o s o l  chamber (52 ) ,  and deso lva-  

t i o n  f a c i l i t y  ( 7 4 )  have been previous . ly  d e s c r i b e d ,  The ' .  

a e r o s o l  t r a n s p o r t  r a t e  i n t o  t h e  plasma was e q u i v a l e n t  t o  



' ~ 0 . 0 6  ml/min wi th  a ' s o l u t i o n  uptake r a t e  o f  1 . 7 .  ml/min. 

These c o n d i t i o n s  correspond t o  t h o s e  recommended by t h e  

manufac ture r ,  

The spec t rome t r i c  i n s t r u m e n t a t i o n  has  been p r e v i o u s l y  
. .  . 

desc r ibed  ( 8 6 ) ,  except  t h a t  t h e  fo l lowing  m o d i f i c a t i o n s  were 

made: ( a )  20 pm en t r ance  and e x i t  s l i t s  masked t o  a . h e i g h t  

of  3  mm were employed; ( b )  t h e  e x t e r n a l  o p t i c s  c o n s i s t e d  o f  

a 15 cm x  5 cm d iameter  plano-conve'x fused  qua r t z ,  l e n s  

p o s i t i o n e d  a t  28.3 cm ( t w i c e ' t h e  f o c a l  l e n g t h  a t  303.4 nm) 

from t h e  s l i t  and 28.3 cm from t h e  plasma; and . .  ( c )  . a Kei th ley  

Model 417 picoammeter and a Texas I n s t r u m e n t s  Model FWD 

r e c o r d e r  were employed. 

ICP ' faci l ' i ' ty 
, . 

The I C P  f a c i l i t y  has  been desc r ibed  i n t h e  p reced ing  

chap te r .  . The forward power was io25  W wi th  r i p p l e  and t h e  

r e f l e c t e d  power was approximately  1 0  W .  T h e  ' a e r o s o l  c a r r i e r  
. . 

gas  f low r a t e  'was 1.0  l /min. '  No e x t e r n a l  deso lva t ion .  

appa ra tus  was employed. 

'P r'o'c'e'd u'r e  . . 

The p r e p a r a t i o n  of  s o l u t i o n s  and d a t a  co,l . le .ct ion pro- 

cedures  have been desc r ibed  i n  t h e  preced ing  chap.ter,- except  

t h a t  r e l a t i v e  i n t e n s i t y  measurements f o r  t h e  SEP were 

ob ta ined  from s t r i p  c h a r t  r eco rd ings .  



R e s u l t s  and D i s c u s s i o n  

I n t e r f e r e n c e  e f f e ' c t ' s  produc'ed b'y e a s i l y  i o n i z a b l e  e l emen t s  

There  have been  numerous r e p o r t s  o f  r a t h e r  s e v e r e  i n t e r -  

f e r e n c e  e f f e c t s  caus'ed by chang ing  concen t ra t i0 :ns  o f  e a s i l y  

i o n i z a b l e  e lements  i n  v a r i o u s  v e r s i o n s  o f  . t h e .  . SEP . ~ g d g r g u  
, .  . 

( 81 )  r e p o r t e d  d e p r e s s i o n s  o f  Pb I 405.7 nm e m i s s i o n w i t h  

increasing.concentrations o f '  a l k a l i  and a l k a l i n e  e a r t h  

e l emen t s  i n  a r ad io f r equency -exc i t ed  (43  MHz) SEP s u s t a i n e d  

i n  a i r .  Tappe a n d  van Ca lke r  (62,87)  obse rved  s e v e r e  k n t e r -  

f e r e n c e s  on Mn I 403.0 nm emi s s ion  w i t h  i n c r e a s i n g  c o n c e n - .  . 

t r a t i o n s  o f  t h e  a l k a l i  e l ements  i n  a r ad io f r equency -exc i t ed  

(27  MHz) SEP s u s t a i n e d  i n  air . .  J a n t s c h  (88)  h a s  d e s c r i b e d  

i n t e r f e r e n c e s  produced by i n c r e a s i n g  conc ,en t ra t io .ns  , o f  Na 

on Fe I 371.99 nm and A 1  I 396.2 nm emi s s ion  i n t e n s i t y  i n  a 

microwave-excited (2 .45  GHz) SEP suppo r t ed  by N 2 .  A t  t h e  

o b s e r v a t i o n  h e i g h t  where maximum i n t e n s , i t y  f o r . F e  . I . 371.99 nm 
. . .  , . 

was observed (18 mm above e l e c t r o d e  t ip) ,  t h e  a d d i t i o n  of 

1840 ug/ml Na produced enhancements o f  ~ 2 0 %  i n  t h e  Fe I 

i n t e n s i t y  and ;300% i n  t h e  A 1  I i n t e n s i t y .  ' I n  c o n t r a s t  t o  

t h e  o b s e r v a t i o n s  o f  J a n t s c h ,  K e s s l e r  (89)  r e p o r t e d  t h a t  i n  a 

similar SEP s e v e r a l  e a s i l y  i o n i z a b l e  e lements  (Na, K, C s ,  Ca, 

S r ,  and Ba) had l i t t l e  i n f l u e n c e  on t h e  Fe I 371.99 nm l i n e  

b u t  produced enhancements o f  t h e  A 1  I 396.2 nm l i n e .  In a 

more e x t e n s i v e  s t u d y  w i t h  a ve ry  similar SEP s u s t a i n e d  by N2 ,  

Sermin (90 )  found tha t  t h e  i n t e r f e r e n c e  e f f e c t s  produced by 



Na were q u i t e  dependent  on t h e  a n a l y t e .  For  example, N i  

n e u t r a l  atom emiss ion  was on ly  s l i g h t l y  a f f e c t e d  ( < l o %  change)  

by up t o  1 0 0  ug/ml.Na b u t  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  Na 

produced a  s t e a d y  d e p r e s s i o n  ( ~ 5 0 %  w i t h  1000 pg/ml Na) . 
. . 

S i m i l a r  e f f e c t s  were observed w i t h  n e u t r a l  atom, l i n e s  o f  Fe . .  

.and Mo. N e u t r a l  atom l i n e s  o f  C r  were enhanced w i t h .  

i n c r e a s i n g  c o n c e n t r a t i o n s  o f  Na up t o  1000 ug/ml ( ~ 1 0 0 % ) ,  

whereas a  d 'ecrease  i n  i n t e n s i t y  was observed  w i t h  a f u r t h e r  

i n c r e a s e  t o  10,000 pg/ml N a .  S i m i l a r  e f f e c t s  were obse rved  

w i t h  n e u t r a l  atom l i n e s  o f  A 1  and Mn. S teady  d e c r e a s e s  i n  

i n t e n s i t y  w i t h  i n c r e a s i n g  Na c o n c e n t r a t i o n  were a l s o  observed 

f o r  n e u t r a l  atom l i n e s  o f  B and Co. . Kitagawa and ~ a k e u c h i  

( 2 8 )  have d e s c r i b e d  i n t e r f e r e n c e s  produced by Na i n  a H i t a c h i  

SEP (2 .45  GHz) suppor ted  by N2 o r  A r .  Fo r  , t h e  . N i  s uppo r t ed  

plasma, t h e  i n t e r f e r e n c e s  appeared  t o  b e  l e s s  s e v e r e  t h a n .  . 

f o r  t h e  A r  s uppo r t ed  plasma b u t  were much worse. . . t h a n  t h o s e  
< .  

observed w i t h  t h e  I C P  employed i n  t h e  p r e s e n t  s t u d y .  

Murayama (27,85)  and Murayama & &. (61)  have  a l s o  d e s c r i b e d  

i n t e r f ' e r e n c e s  produced by e a s i l y  . i o n i z a b l e  . e l emen t s  . ,  ' i n  . .  .micro- 

wave-excited SEPts  suppo r t ed  by A r .  

The u s e  o f  a  s p e . c t r o c h e m i c a l ~ b u f f e r  ( a n  a d d i t i v e  s u c h  

a s  a n  a l k a l i  o r  a l k a l i n e  e a r t h  e lement  added t o  b o t h  t h e  

sample and r e f e r e n c e  s o l u t i o n s  f o r  t h e  purpose  o f  making t h e  

measure of t h e  a n a l y t e  l e s s  s e n s i t i v e  t o  v a r i a t i o n s  i n  i n t e r -  

f e r e n t  c o n c e n t r a t i o n )  w i t h  t h e  SEP has been re'commended by 



Murayama ( 2 7 ) ,  K e s s l e r  (891, and Boumans -- e t  a.1. ( 7 9 ) .  . . 

Indeed,  Govindara ju  -- e t  a l .  (91)  have  u t i l i z e d  an ,  approx imate  

t e n - f o l d  exces s  o f  S r  as a spec t rochemica l  b u f f e r  i n  t h e  

a n a l y s i s  o f  s i l i c a t e  r o c k s  w i t h  a microwave-excited SEP 

s u s t a i n e d  i n  N 2 .  However, s i n c e  t h e  i n t e r f e r e n c e  c u r v e s  

( a n a l y t e  i n t e n s i t y  E. i n t e r f e r e n t  , c o n c e n t r a t i o n ) '  from. 

v a r i o u s  SEP t s  have  no t  e x h i b i t e d  p l a t e a u  r e g i o n s  (27,28,88,  

g o ) ,  i t  i s  r e a s o n a b l e  t o  presume t h a t  t h e  b u f f e r  must b e  

p r e s e n t  i n  a l a r g e  exces s  t o  overcome v a r i a t i o n s  - i n  . the  

i n t e r f e r e n t  c o n c e n t r a t i o n s  i n  t h e  samples .  

Repor t s  i n  t h e  l i t e r a t u r e  on t h e , , i n t e r f e r e n c e  e f f e c t s  

produced by e a s i l y  i o n i z a b l e .  e l ements  i n  t h e  ICP we re ,  d t s -  " 

cussed  i n  t h e  p r eced ing  c h a p t e r .  

The r e s u l t s  o f  t h e  p r e s e n t  compara t ive  s t u d y  on t h e  

e f f e c t s  o f  Na on t h e  emi s s ion  i n t e n s i t i e . ~  o f  n e u t r a l  .atom 

and i o n  l i n e s  of  Ca, C r ,  .Mo, and Zn f o r  two h e i g h t s -  o f  ob.ser- 

v a t  i o n  t h e  SEP and i n  t h e  ICP at. t h e  h e i g h t  normal ly  

employed f o r  a n a l y t i c a l  a p p l i c a t i o n s  f o r  t h i s  f a c i l i t y . a r e  

p r e s e n t e d  i n  F i g u r e s  13-16. I n  t h e s e  and i n  subsequen t  

f i g u r e s ,  t h e  n e t .  emiss ion  i n t e n s i t i e s  o f  a g i v e n  .species i n  

t h e  absence  of t h e  i n t e r f e r e n t  are normal ized t o  u n i t y  a t  

each  o b s e r v a t i o n  h e i g h t  f o r  each  plasma.  Because t h e  r e l a t i v e  

i n t e n s i t y  d a t a  a r e  p l o t t e d  on a l o g a r i t h m i c  sca l , e ,  t h e  

e x c u r s i o n s  o f  t h e  cu rv e s  from t h e  u n i t y  v a l u e  g i v e  a d i r e c t  

comparison of  t h e  i n t e r e l e m e n t  e f f e c t s .  The i o n  l i n e s ,  o f  Mo 



Figure  13 .  Comparison of e f f e c t  of Na on Ca emiss ion i n  

SEP and ICP 

(Concent ra t ion  of  Ca: 0.5 pmol/ml; h e i g h t  of  

obse rva t ion :  SEP 3 o r  7 mm above e l e c t r o d e ,  

ICP 20 mm above load  c o i l )  



SEP 

C a I  3mm 
C a l  7mm 

ICP 
Ca I 

0.8 'Colt 

Na CONCENTRATION 
. .  . . . 



Figure  1 4 .  Comparison of e f f e c t  of Na on C r  emiss ion i n  

SEP and ICP 

(Concentra t ion of C r :  ' 0 . 5  pmol/ml; he igh t  of  

obse rva t ion :  SEP 3 o r  7 rnrn above e l e c t r o d e ,  

ICP ,20 mm above l o a d  c o i l )  
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. . 
F i g u r e k 1 5 .  Comparison of e f f e c t  o f  Na on Mo emiss ion  i n  

SEP an,d I C P  

(Concen t r a t i on  of Mo: 25 pgm/ml; k e i g h t , o f  

o b s e r v a t i o n :  SEP 3 o r  7 mm above e l e c t r o d e ,  

ICP  20  mm above l o a d  c o i l )  
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Figure  1 6 .  Comparison of e f f e c t  o f  Na on Zn.enrission i n  

SEP and ICP  

(Concent ra t ion  of Zn: 0 . 5  pmol/ml; h e i g h t  

of  obse rva t ion :  SEP 3 o r  7 mrn above 

e l e c t r o d e ,  ICP  2 0  rnm above load  c o i l )  
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and C r  i n  t h e  SEP a r e  no t  inc luded  because of  t h e i r  low s i g n a l  

t o  no i se  r a t i o .  

The t r e n d s  r e p o r t e d  h e r e  f o r  t h e  SEP a r e  i n  g e n e r a l  

agreement wi th  t h o s e  p rev ious ly  desc r ibed  by Murayma (27,85) ,  

Murayama et a. (61 ) ,  and b y  Kitagawa and Takeuchi (.28) f o r  
. . 

microwave SEP1 s s u s t a i n e d  i n  A r .  The most s t r i k i n g  f e a t u r e s  

of  F i g u r e s  13-16 a r e  t h e  l a r g e  r e l a t i v e  changes i n  a n a l y t e  

emiss ion i n t e n s i t i e s  observed wi th  t h e  SEP f o r  changes i n  Na 

c o n c e n t r a t i o n  whereas on ly  minor changes a r e  observe'd i n  t h e  

ICP over t h e  e n t i r e  range o f  N a  c o n c e n t r a t i o n s  s t u d i e d .  The 

l a r g e  enhancements observed i n  t h e  SEP f o r  Na c o n c e n t r a t i o n s  

of on ly  23 ug/ml (cor responding  t o  1 imol/ml) sugges t '  t h a t .  

cons ide rab le  d i f f i c u l t y  would be encountered i f  samples 

c o n t a i n  even minor bu t  v a r i a b l e  c o n c e n t r a t i o n s  o f  an  e a s i l y  

i o n i z a b l e  element.  Equal ly  s i g n i f i c a n t  is' t h e  o b s e r v a t i o n  

t h a t  a t  h igher  c o n c e n t r a t i o n s  of concomitant  Na l a r g e  

r e l a t i v e  changes i n  a n a l y t e  emiss ion i n t e n s i t y  ' a re  observed 

even f o r  r e l a t i v e l y  small .changes i n  Na concen"tra t ion. ,  . The 

absence of  a p l a t e a u  r e g i o n  i n  t h e  i n t e r f e r e n c e  curve.s f o r  

t h e  SEP sugges t s  t h a t  a d d i t i o n s  of a n  exces s  of  a n  e a s i l y  

i o n i z a b l e  element t o  t h e ,  sample and r e f e r e n c e  s o l u t i o n s  t o  

b u f f e r  t h e  i n t e r a c t i o n s  t o  a c o n s t a n t  l e v e l  would on ly  be  

marg ina l ly  s u c c e s s f u l .  Moreover, when . so lu t ions  c o n t a i n i n g  

2300 pg/ml Na o r  g r e a t e r  were nebul ized  i n t o  t h e  SEP, a N a  

d e p o s i t  formed on t h e  e l e c t r o d e  t i p  and caused t h e  plasma t o  



. . 
: El 

become u n s t a b l e .  , When s o l u t i o n s  c o n t a i n i n g  6900 pp/ml Na 

a r e  nebul ized  i n t o  t h e  SEP, t h e  plasma tended t o  degene ra t e  
. . 

i n t o  a r ibbon- l ike  d i s c h a r g e  mainta ined between the .  c e n t e r  

conductor  o r  e l e c t r o d e  and t h e  sur rounding  q u a r t z  t ube .  

Concent ra t ions  of  N a  a s  h igh  as 23,000 pg/ml d o . n o t  a f f e c t .  

t h e  s t a b i l i t y  of t h e  p r e s e n t  I C P  i n  any apparen t  way a l though  
. . 

d e p o s i t s  may fo rm.on  t h e  a e r o s o l  i n j e c t i o n  o r i f i c e .  

It i s  worth no t ing  tha t  t h e  changes i n  t h e  emiss ion  

s i g n a l s  f o r  t h e  Ca I1 393.4 nm, C r  I1 284.3 nm, Mo. 1'1 

281.6 nm, and Zn I 213.9 nm ( l i n e s  f o r  which b e s t  d e t e c t i o n  

l i m i t s  a r e  observed i n  t h e  I C P )  a r e  on ly  -6, -7, -5, and 

-8 pe rcen t ,  r e s p e c t i v e l y ,  f o r  t h e  a n a l y t i c a l  e q u i v a l e n t s  o f  

de te rmin ing  t h e s e  e lements  i n  de ion ized  water.  and i n  a 

'0.23 w t .  % of Na. Thus, s y n t h e t i c  r e f e r e n c e  s o l u t i o n s ' p r e -  

pared by t h e  incrementa l  a d d i t i o n s  of  t h e s e  a n a l y t e s . t o  

d i s t i l l e d  water  would prov ide  reasonably  a c c u r a t e  a n a l y s i s  

f o r  t h e i r .  de t e rmina t ion  i n  sodium sa l t s .  , . 

. . 
. . 

E f f e c t  o'f concomitants -- on Mo emiss ion.  

The e . f f & c t s  o f  va r fous  concomitants  w i t h  d i f f e r i n g  

i o n i z a t i o n  p o t e n t i a l s  on Mo emiss ion i n  t h e  SEP and t h e  I C P  
. . . . . .  

a r e  p re sen ted  i n  Tabie  I V .  A l l  of t h e  concomitants  produced 

s i g n i f i c a n t  i n t e r f e r e n c e  on t h e  Mo I emiss ion i n  t h e  SEP. 

I n  t h e  ICP, small i n t e r f e r e n c e s  were observed w i t h  the more 

e a s i l y  i o n i z a b l e  concomitants ( K ,  Na, Al)  whereas t h e  con- 

comi tan ts  w i t h  h ighe r  i o n i z a t i o n  p o t e n t i a l s  (Cu, Zn) produced 



Table I V .  E f f e c t  of concomitants on emission o f . 2 5  pg/ml Mo 
. . in  .SE.P. .and .I.C.P. . . . . 

R e l a t i v e ' i n t e n s i t i e s  . . 

S E P ~  . I C P ~  

Mo concomitantC Mo Id , M o l I e  
( I o n i z a t i o n  P o t e n t i a l ,  eV) 

None 

K (4.34) 

a ~ b s e r v a t i o n  height :  5 mmabove e l e c t r o d e  t i p .  

bObservation h e i g h t :  20 mm above load c o i l .  
C Concomitant concent ra t ion:  2500 b g / m l .  . '  

d ~ o  I 390.3 nm. 

e ~ o  I1 281.6 nm. 

e s s e n t i a l l y  no i n t e r f e r e n c e .  These r e s u l t s  suggest t h e  i n t e r -  

e s t i n g  and ,ve ry  valuable  p o s s i b i l i t y  of  e s t a b l i s h i n g  s i n g l e  

a n a l y t i c a l  curves f o r  t h e  de terminat ion  of a n , a n a l y t e  i n  a 

v a r i e t y  of mat r ices  i n  t h e  I C P .  



Ca-PO4 i n t e r f e r e n c e  sys t em 

A l i t e r a t u r e  review on t h e  o r i g i n s  o f  t h i s  i n t e r f e r e n c e  

and i t s  occurrence i n  t h e  I C P  was presen ted .  i n  t h e  preced ing  

c h a p t e r  of  t h i s  d i s s e r t a t i o n .  The au tho r  i s  no t  aware. of 

any r e p o r t s  on t h e  e x i s t e n c e  of  i n t e r f e r e n c e  o n  Ca emiss ion  

by t h e  presence of  PO4 3- i n  microwave-excited SEP s whereas 

West and Hume r e p o r t e d  a n  absence o f  i n t e r f e r e n c e  i n  a 

rad iof requency-exc i ted  SEP i n  N2 ( 9 2 ) .  The r e s u l t s  of  t h e  

p re sen t  s tudy  a r e  shown i n  F igu re  17 f o r  two h e i g h t s  o f  

o b s e r v a t i o n  i n  t h e  SEP and f o r  t h e  normal o b s e r v a t i o n  h e i g h t  

i n  t h e  I C P .  The p r e c i p i t o u s  d e p r e s s i o n  and t h e  "knee" i n  

t h e  i n t e r f e r e n c e  curves  f o r  Ca I emiss ion w i t h  t h e  SEP i s  

r emin i scen t  o f  t h e  s o l u t e  v a p o r i z a t i o n  i n t e r f e r e n c e . a s  

observed i n  some combustion f lames.  However, t h e  enhance- 

ments of  Ca I1 emiss ion a t  low P04/Ca molar r a t i o s  and t h e  

d e p r e s s i o n  a t  h igh  molar r a t i o s  a r e  no t  c o n s i s t e n t  w i t h  

t h i s  i n t e r p r e t a t i o n . .  Changes i n  a n a l y t e  d i s t r i b u t i o n  

produced by  changes i n  t h e  r a t e  of v a p o r i z a t i o n  o f  t h e  

a e r o s o l  p a r t i c l e s  i n  t h e  presence  of  PO4 3- ( 9 3 )  may be  

p a r t i a l l y  r e s p a n s i b l e  f o r  t h e  i n t e r a c t i o n s  r e p o r t e d  i n  

F igu re  17 .  I n  marked c o n t r a s t  t o  t h e  SEP, t he ,  i n t e r f e r e n c e  

on Ca I and Ca I1 by concomitant  PO4 3- i s  e s s e n t i a l l y  n e g l i -  

g i b l e  i n  t h e  I C P .  



F i g u r e  1 7 .  Comparison o f  e f f e c t  o f  H PO on Ca e m i s s i o n  3 4 
- i n  SEP and ICP 

( C o n c e n t r a t i o n  o f  Ca: 0 . 5  pmol/ml; h e i g h t  o f  

o b s e r v a t i o n :  SEP 3 o r  7  mm above e l e c t r o d e ,  

ICP 20  mm above l o a d  c o i l )  

0 Ca 1 4 2 2 . 7  nm. 

X . Ca 11. 393.4 nm 



SEP 3mm 

MOLAR RATIO (H~PO,+/CO), 



Ca-A1 i n t e r f e r e n c e  system 

A l i t e r a t u r e  review on t h e  o r i g i n s  o f  t h i s  i n t e r f e r e n c e  

and i t s  occur rence  i n  t h e  ICP was p re sen t ed  i n  t h e  p reced ing  

c h a p t e r  o f  t h i s  d i s s e r t a t i o n .  The a u t h o r  i s  unaware of 

r e p o r t s  of any i n v e s t i g a t i o n s  o f  t h e  C a - A 1  system i n  a 

microwave-excited'  SEP i n  A r .  I n  microwave-excited S E P 1 s . . i n  

N 2 ,  enhancements a t  Al/Ca molar r a t i o s  g r e a t e r  t han  Q20 

have been r e p o r t e d  by Govindaraju  -- e t  a l .  ( g l ) ,  whereas 

dep re s s ions  ( ~ 3 0 % )  have been observed wi th  a d d i t i o n s  o f  A 1  

wi th  Na p r e s e n t  a s  a spec t rochemica l  b u f f e r  ( 9 0 ) .  West and.  

Hume ( 9 2 )  r e p o r t e d  a n  absence o f  i n t e r f e r e n c e  ..in t h e i r  

rad iof requency-exc i ted  SEP i n  N 2 .  

The r e s u l t s  o f  t h e  p r e s e n t  s t udy  a r e  shown i n  F i g u r e  18 .  

The i n t e r f e r e n c e  on Ca I and C a  I1 emiss ion  by co.ncomitant A 1  

i n  t h e  SEP i s  probably  a combination of t h e  s o l u t e  vapor i -  

z a t i o n  i n t e r f e r e n c e  and o t h e r  i n t e r a c t i o n s  occas ioned  by t h e  

a d d i t i o n  of t h e  e a s i l y  i o n i z a b l e  element A 1  t o  t h e  plasma. 

concomitant  A 1  has  l i t t l e  e f f e c t  on Ca I o r  C a I I  emiss ion  

i n  t h e  ICP as shown i n  F i g u r e  1 8 .  I d e n t i c a l  r e s u l t s  were 

ob t a ined  w i t h t h e  A 1  added a s  A 1 C 1 3  o r  Al(N0 ) 3 3 .  The , s m a l l  
. . 

i n t e r f e r e n c e  t h a t  i s  observed i n  t h e  ICP may b e  v i r t u a l l y  

e l imina t ed  by t h e  a d d i t i o n  of Na t o  a l l  s o l u t i o n s  as.was 

shown i n  t h e  preceding c h a p t e r .  

. . .  . . . . 



Figure 18. Comparison of effect of A1 on Ca e~ission in 

SEP and ICP 

(Concentration of Ca: 0.5 pmol/ml; height of 

observation: - SEP 3 or 7 mrn above electrode, 

ICP 20 rnm above load coil) 

0 C a I  422.7nm 
.X Ca.11 393.4 nrr. 
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Conclus ion  

D e f i n i t i v e  i n t e r p r e t a t i o n s  o f  the ,  i n t e r f e r e n c e  e f f e c t s '  

observed i n  v a r i o u s  v e r s i o n s  o f  t h e  SEP a r e  r ende red  

. exceed ing ly '  d i f f i c u l t  by the '  nonuniform d i s t r i b u t i o n s  o f '  t h e  

composi t ion ,  " t empera tu re" ,  and e l e c t r o n  number d e n s i t y  i n  

t h e s e  plasmas.  To p ro v ide  a  p h y s i c a l l y  meaningful  b a s i s  f o r  

a n  i n t e r p r e t a t i o n ,  s p a t i a l l y - r e s o l v e d ,  r a d i a l  d i s t r i b u t i o n s  , 

of  t h e s e  p h y s i c a l  pa r ame te r s  must b e  employed r a t h e r .  t h a n  t h e  

e x p e r i m e n t a l l y  measured, s p a t i a l l y  averaged  d i s t r i b u t i o n s  

( 2 7 , 2 8 ) .  I n  a n  SEP-type d i s c h a r g e ,  e s p e c i a l l y , t h o s e  

suppor ted  by nob l e  ga se s ,  t h e  e l e c t r o n i c  o r  e x c i t a t i o n  

t empe ra tu r e  may f a r  exceed t h e  g a s  t empe ra tu r e  (26,82,85,  . .  

94-96). The appa ren t  absence  o f  l o c a l  thermodynamic e q u i l i b -  

r ium a d d s . f u r t h e r  comp l i ca t i ons  and m a y . a l s o  b e  a s i g n i f i c a n t  

f a c t o r  i n  producing t h e  r e l a t i v e l y  h i g h  d e g r e e  o f  i n t e r -  

f e r e n c e  e f f e c t s  which have been  r e p o r t e d  f o r  SEP-'type d i s -  
. . 

charges. .  

I n  t h e  p r e s e n t  v e r s i o n  o f  , t h e  SEP, t h e  sample p a r t i ~ l e s  

a r e  t r a n s p o r t e d  t o  t h e  .plasma r e g i o n  b,y a  ga s  f l owing  between 

t h e  e l e c t r o d e  and a  c o n c e n t r i c  q u a r t z  t u b e .  Thus, t h e  sample 

p a r t i c l e s  must overcome t h e  expans ion  t h r u s t  p r e s s u r e  (43, 

48,49) t o  be  i n j e c t e d  e f f i c i e n t l y  i n t o  t h e  plasma. The 

advan tages  of e f f i c i e n t  sample i n t r o d u c t i o n  w e r e . a p p a r e n t l y  

r e a l i z e d  by P f o r r  ( 9 7 ) ,  who i n t r o d u c e d  t h e  sample a e r o s o l  

th rough  t h e  c e n t e r  of t h e  e l e c t r o d e  t i p .  However, i n  o r d e r  



t o  m a i n t a i n  a  s t a b l e ,  symmet r ica l  plasma, t h e  maximum c a r r i e r  

g a s  f low was found t o  be on ly  i 0 . 0 7  l /min .  F u r t h e r  work on  
, . 

t h i s  approach  may r e s u l t  i n  r e d u c t i o n  o f  some of t h e  i n t e r -  

element e f f e c t s  obse rved  i n  SEP-type plasmas.. 

That  t h e  microwave-excited SEP i n  A r  does  n o t  produce'  

e f f i c i e n t  a t o m i z a t i o n  o f  t h e r m a l l y  s t a b l e  compounds i s  

sugges t ed  by t h e  s u p p r e s s i o n  o f  Ca I emi s s ion  by  t h e ' a d d i t i o n  
/ 

of  PO,, 3- o r  A 1  t o  t h e  nebu l i z ed  s o l u t i o n ,  as shown i n  F i g u r e s  

1 7  o r  18, a l t h o u g h  t h e  b e h a v i o r  o f  t h e  Ca 1 I . l i n e  i n d i c a t e s  

t h a t  o t h e r  p r o c e s s e s  a r e  i m p o r t a n t .  In .  t h i s  c o n t e x t  it i s  

i n t e r e s t i n g  t o  n o t e  t h a t  West and Hume ( 9 2 )  r e p o r t e d  a n  

absence  o f  a n  i n t e r f e r e n c e  e f f e c t  on Ca emi s s ion  w i t h  t h e  

a d d i t i o n  of more t h a n  100-fold  e x c e s s e s  o f  aluminum and 

phospha te  i n  a  r ad io f r equency -exc i t ed  SEP i n  N2., T h i s  

absence  may have been due t o  t h e  h i g h e r  g a s  t empe ra tu r e  

p r e v a i l i n g  i n  t h e  N 2  s uppo r t ed  d i s c h a r g e .  The e x c i t i n g  

f r equency  a s  w e l l  as o t h e r  expe r imen t a l  pa r ame te r s  a p p a r e n t l y  

p l a y  a n  impor t an t  r o l e  as evidenced by t h e  d e p r e s s i o n  o f  Ca 

emi s s ion  ( i n  t h e  p r e sence  of' e x c e s s  Na) w i t h  t h e  a d d i t i o n  o f  

A 1  r e p o r t e d  by Sermin (90 )  i n  a  microwave-excited SEP i n  N 2 .  

I n d i r e c t  ev idence  t h a t  t h e  microwave-excited SEP i n  A r  does  

n o t  produce e f f i c i e n t  a t o m i z a t i o n  o f  t h e r m a l l y  s t a b l e  

compounds can be  found i n  a n  e a r l y  comparison o f  d e t e c t i o n  

l i m i t s  i n  t h e  SEP and t h e  ICP ( 4 ) .  The d e t e c t i o n  l i m i t s  

r e p o r t e d  f o r  e lements  which form s t a b l e  monoxides - 



[ D o ( M O )  > 7 e ~ ]  a r e  genera l ly  one . . t o  two o rde r s  of magnitude 

g r e a t e r  f o r  t h e  SEP than t h e  I C P  a l though t h e  detect i .on 

l i m i t s  f o r  most o t h e r  elements with t h e s e  plasmas a r e  

s i m i l a r .  



CHAPTER IV. THE STRAY LIGHT/BACKGROUND SHIFT PROBLEM 

IN ULTRATRACE ANALYSES' BY OPTICAL 

EMISSION SPECTROMETRY 

Introduction 

When atomic emission spectroscopy is employed for the 

determination of trace elements at concentrations near the 

detection limit, the spectral background will normally be .a 

large fraction of the total measured signal.' Thus, accurate 

analyses require precise background corrections. In samples 

of varying composition, changes in the concentration'of 

concomitants may produce subtle changes in the background 

level. These background shifts may be caused by true 

spectral line or band interferences, by indirect effects on 

the spectral background . . underlying the analysis line, .or by 

stray light contributions. These shifts will lead to an 

analytical bias unless appropriate corrections are applied. 

If this bias results from stray light contributions, it may 

masquerade as an interelement interference or matrix effect 

when, in reality, limitations in the spectrometer components 

or defects in engineering design or construction are ,the 

primary causes. Although there have been exc.ellent,dis- 

cussions on various stray light effects in.absorption ( 9 8 -  

101), fluorescence (102-10.5), and Raman (106,10r/) s.pectros- 

copy, the nature and magnitude of these effects have received 

little attention when trace. element determinations are 



performed by atomic emiss ion spec t ro scopy .  I n  t h i s  c h a p t e r  

examples of  v a r i o u s  forms of  s t r a y  l i g h t  o r i g i n a t i n g  from . 

g r a t i n g  and o p t i c a l  d e s i g n  d e f e c t s  i n  spec t rome te r s  a r e  

i l l u s t r a t e d  and t h e  b i a s e s  t h e s e  e f f e c t s  may produce on t h e  

f i n a l  a n a l y t i c a l  r e s u l t  a r e  a s s e s s e d  i f  p rope r  c o r r e c t i o n s '  

a r e  no t  made. 

S t r a y  l i g h t  

S t r a y  l i g h t  i s  broad ly  d e f i n e d  a s  t h e  unwanted r a d i a t i o n  

t h a t  r eaches  t h e  d e t e c t o r  i n  unintended ways (108 ) .  S t r a y  

l i g h t  o r i ' g ina t i ng  from g r a t i n g  impe r f ec t i ons  may occur  as 

Rowland (109-ill), worm (112-114), o r  Lyman, (11 ' ,0 ,111,~15)  

g h o s t s  produced by p e r i o d i c  e r r o r s  i n  t h e  g r a t i n g  groove 

spac ing ,  as s a t e l l i t e s ,  l l g r a s s l l ,  o r  "near  s c a t t e r "  

( 8 ~ 7 2 . 5 - 5 . 0  nm) (110,111) produced by r e g u l a r  o r  i r r e g u l a r  

g r a t i n g  d e f e c t s ,  o r  a s  " f a r  s c a t t e r "  ( 8 ~ 3 5  nm)produced  by 

l o c a l  o r  microscopic  groove o r  b lank  Tmperfect ions  as w e l l  a s  

by roughness  i n  t h e  f a c e s  o r  edges o f  t h e  grooves ( 1 1 0 , ' l l l ) .  

P rog re s s ive  improvements i n  . g r a t i n g  , produc t ion  and 

r e p l i c a t i o n  i n  r e c e n t  y e a r s  have s i g n i f i c a n t l y  reduced s t r a y  

l i g h t  o r i g i n a t i n g  from g r a t i n g  i m p e r f e c t i o n s .  For i n s t a n c e ,  

t h e  i n t e n s i t i e s  of f i r s t  o r d e r  Rowland ghos t s  have been 

reduced from a s  g r e a t  as 2% of t h e  p a r e n t  l i n e  f o r  g r a t i n g s  

~ l u l e d  under mechanical  c o n t r o l  t o .  c0.001$ f o r ,  g r a t i n g s .  r u l e d  

under i n t e r f e r o m e t r i c  c o n t r o l  (110,.11~1). Although some of 

t h e  e a r l y  g r a t i n g s  r u l e d  under  i n t e r f e r o m e t r i c  c o n t r o l  



e x h i b i t e d  h igh  l e v e l s  o f  f a r  s c a t t e r  due t o  j i t t e r  i n  t h e  

r u l i n g  diamond a s  t h e  s e rvo -con t ro l  sys tem sought  t h e  n u l l -  

p o s i t i o n ,  re f inements  i n  t h e  c o n t r o l  systems have r e s u l t e d  

i n  s i g n i f i c a n t  r e d u c t i o n  i n  f a r  s c a t t e r  (111). Holographi-  

c a l l y  recorded  g r a t i n g s ,  which a r e  r e c o r d i n g s  . - of a n  

i n t e r f e r e n c e  phenomenon, do n o t  e x h i b i t  l i n e  g h o s t s  and,  

through t h e  use  of  v i r t u a l l y  g r a i n l e s s  photopolymers, a l s o  

e x h i b i t  low l e v e l s  of  s c a t t e r e d  l i g h t  (111). 

. I n  p r i n c i p l e ,  t h e r e  i s  a t h e o r e t i c a l ,  lower l i m i t  t h a t  

can be achie'ved i n  t h e  r e l a t i v e  l e v e l s  of n e a r . a n d  f a r  

s c a t t e r .  . Even a " p e r f e c t "  d i f f r a c t i o n  g r a t i n g  w i t h  Nr 

r u l i n g s ,  where Nr  r e p r e s e n t s  an  even number, w i l l  formNr-2 

secondary i n t e r f e r e n c e  maxima between t h e  p r i n c i p a l  o r  

o r d i n a l  maxima of a d j a c e n t  o r d e r s  ( 1 1 6 4 1 8 ) .  Near each 

p r i n c i p a l  maximum, t h i s  i n t e r f e r e n c e  p a t t e r n  i s  approximated 

by t h e  d i f f r a c t i o n  p a t t e r n  produced by an  a p e r t u r e  of width  

e q u a l  t o  t h e  g r a t i n g  width  p r o j e c t e d  through t h e  a n g l e  

between t h e  normal of t h e  g r a t i n g  and t h e  d i f f r a c t e d  r a y  

(110,116-118).  Hence, t h i s  i n t e r f e r e n c e  p a t t e r n  has  been 

d e s c r i b e d  a s  t h e  d i f f r a c t i o n  p a t t e r n  o f  t h e  ( e f f e c t i v e )  

g r a t i n g  a p e r t u r e  (110,117) .  A . . r e d u c t i o n  of t h e . r e l a t i v e  

i n t e n s i t y  of t h e  " f e e t "  of t h i s  d i f f r a c t i o n  p a t t e r n  may be 

ach ieved  by  a p o d i z a t i o n  of t h e , g r a t i n g  a p e r t u r e  w i th  an 

a p p r o p r i a t e  mask. For  i n s t a n c e ,  a di'amond shaped mask w i l l  

d ec rea se  t h e  r e l a t i v e  i n t e n s i t i e s  o f  t h e  ' f ee t '  o f  t h e  



grating aperture diffraction pattern when narrow slits are 

employed (110,119,120). Fortunately, the theoretical lower 

limits for far scatter resulting from the secondary maxima 

are much lower than the far scatter usually observed in hi,gh 

quality spectrometers. Thus, the stray light arising from 

grating imperfections discussed above and from the other 
P 

sources discussed below presents a far more serious problem. 

Instrumental line broadening effects and stray light 

may originate from various sources other than.grating imper- 

fections. Finite widths of slits, imperfections in the slit 

jaws, aberrations of the optical system, diffraction by 

mirror apertures, and optical misalignment may broaden con- 

comitant spectral line images to a sufficient degree to 

cause spectral interferences. In addition, the primary 

radiation entering the spectrometer, as well as zero and 

other order diffracted rays, may be scattered from dust 

particles and from imperfections in optical surfaces. or may 

be reflected or scattered from interior surfaces of the 

spectrometer to produce general stray light. 

Multiple diffractions (reentry spectra) have also .been 

identified as a significant source of stray light in some 

in-plane Littrow (106,121), Ebert (122,123), and Czerny- 

Turner (124-126) spectrometers. For certain component 

arrangements in Ebert or Czerny-Turner mountings, once- 

diffracted radiation is returned to the grating by the 

reflecting optics. This once-diffracted light will undergo 



a second diffractiop, ultimately striking the camera mirror 

and reaching the detector. The problem of multiple . . dif- . ' 

fractions, once identified, may be eliminated by masking a 

portion of the-grating (which reduces the throughput) or, in 

some cases, by employing a grating with a different groove 

spacing (124-126). 

Finally, the detectors in polychromators are not 

normally positioned in individual light tight channels 

immediately behind the exit slits. Thus, stray light may 

result from leakages and reflections along the optical path 

as well as from reflections and scattering in the secondary 

optics. The majority of the data obtained with the direct 

reading polychromators presented in this chapter was obtained . . 

by R. K. Winge of the Ames Laboratory-ERDA and is presented 

here to provide a complete discussion of the various sources 

of stray light. 

L in e b'r oa'd e n'i'n g 

In high temperature sources, such as the ICP, the 

emitted lines may be broadened to the extent that the. wings 

produce a significant contribution to the spectral background 

as far removed as. 10 nm or more. The identification of the 

broadening mechanisms [presumably the strongly perturbing 
i 

close collisions (127,128)] which, give rise to the slgnifi- 

cant intensity in the extreme wings of spectral lines is 

beyond the scope of the present discussion. The spectral 



i n t e r f e r e n c e s  which a r i s e  from t h e  wings o f  ve ry  s t r o n g  

emiss ion  l i n e s  have n o t  been g e n e r a l l y  r e cogn i zed  i n  o p t i c a l  

emi s s ion  spec t roscopy ,  i n  p a r t  due  t o  t h e  h i g h  s t r a y  l i g h t  

r e j e c t i o n  f a c t o r s  which a r e  r e q u i r e d  f o r  t h e i r  i d e n t i f i c a t i o n .  

These h i g h  r e j e c t i o n  f a c t o r s  may be r e a d i l y  a ch i eved  w i t h  

doub le  monochromators ( 1 2 9 ) .  However, t h i s  t y p e  o f  s p e c t r a l  

i n t e r f e r e n c e  may be q u i t e  impor t an t  i n  u l t r a t r a c e  a n a l y s i s  

when e x c i t a t i o n  s o u r c e s  w i t h  low background emi s s ion  a r e  

employed. 

It i s  a l s o  impor t an t  t o  r e a l i z e  t h a t  s p e c t r a l  i n t e r -  

f e r e n c e s  from continuum r a d i a t i o n  may a l s o  b e  .produced by 

p r o c e s s e s  o t h e r  t h a n  l i n e  b roaden ing .  Such s o u r c e s  a s  . 

recombina t ion  r e a c t  i ons ,  molecular .  c o n t i n u a ,  and blackbody 

r a d i a t i o n  from incomple t e ly  vapo r i zed  p a r t i c l e s  (1-30-132) may 

g i v e  r i s e . t o  s i g n i f i c a n t  s p e c t r a l  c o n t i n u a .  I n  a d d i t i o n ,  

concomi tan t s  may a l s o  induce  i n d i r e c t  e f f e c t s  on t h e  s p e c t r a l  

background, e.g., th rough  changes  i n  t empe ra tu r e  and e l e c t r o n  

number d e n s i t y  ( 26 ,130 ) .  

Exper imenta l  F a c i l i t i e s  

Spec t rome te r s  

The s p e c t r o m e t e r s  employed i n  t h i s  s t u d y  are  d e s c r i b e d  

d.n T a b l e  V. 



Table V .  S.p.e.c.tr.ome.t.r.i.c. .i.ns.t.r.ume.n.ta.t.i.on. 

Spec t rometer  I - A :  0 .5  m Ebe r t  mount (Model No. 82000, 
J a r r e l l - A s h  Div i s ion ,  F i s h e r  .Scien-  
t i f i c  Co., Waltham,.MA) Grat ing,  
(1180 grooves/mm) b lazed  f o r  250 nm 
i n  f i r s t  o r d e r ,  was r e p l i c a t e d  from a  
mas t e r  (No. 1227, J a r r e l l - ~ s h )  which 
was r u l e d  under i n t e r f e r o m e t r i c  
c o n t r o l .  Th is  mas t e r  was. r e t i r e d .  
some y e a r s  ago because  o f ' i t s  h i g h  
s t r a y  l i g h t  c h a r a c t e r i s t i c s .  Fixed 
15  pm e n t r a n c e  and e x i t  s l i t s  were 
employed and mas'ked t o  a  . h e i g h t  .of 
4 mm. ,The d e t e c t o r  and r eadou t  . ,  

e l ' e c t ron i c s  have been d e s c r i b e d  
! p r e v i o u s l y  ( 5 2 ) .  

Spectr0me.t e r  I -B :  Same in s t rumen t  as I - A  e x c e p t  f o r  
. g r a t i n g .  G r a t i n g  (1180 grooves/mm) 
'was r e p l i c a t e d  from a  more r e c e n t  
mas t e r  (No. 1370, J a r r e l l - A s h ) ,  which 
was r u l e d  under i n t e r f e r o m e t e r  c o n t r o l  
and b l azed  f o r  240 nm. 

Spec t rometer  I - C :  Same in s t rumen t  as I - A  e x c e p t ' f o r  
g r a t i n g .  Gra t i ng  (1200. grooves/mm) 

'was h o l o g r a p h i c a l l y  recorded  w i t h  
op t imized  e f f i c i e n c y  f o r  200-700 nm. 
( J - Y  O p t i c a l  Systems, Metuchen, NJ.). 

Spectrometer  1 1 - A :  Applied Research L a b o r a t o r i e s  QVAC 127 
polychromator .  The o p t i c a l  p a t h  con- 
s i s t s  of  a  f i e l d  l e n s ,  an  e n t r a n c e  
s l i t ,  a g r a t i n g ,  and 47 e x i t  s l i t s ,  
a f t e r  which 45' m i r r o r s  d e f l e c t  t h e  
a p p r o p r i a t e  wavelengths t o  photo- 
m u l t i p l i e r s  l o c a t e d  above and below 
t h e  f o c a l  p l a n e .  The g r a t i n g ,  
r e p l i c a t e d  from Bausch & Lomb mas t e r  
#845, ha s  2160 g r o o v e s / h  and i s  . .  

b lazed  f o r  t h e '  170-215 nm r e g i o n .  
Wavelength s cans  over  s m a l l  i n t e r v a l s  
a r e  ach ieved  by moving t h e  e n t r a n c e  
slit a l o n g  t h e   owlan and c i r c l e . ,  



Tab 1 e  V . ( C.0n.t.inu.e.d ) . .  . . . 

Spectrometer  11-B: Same ins t rument  a s  1 1 - A  except  f o r  
g r a t i n g .  . Gra t ing  was ho log raph ida l ly  
recorded  a s  a  replacement f o r . g r a t i n g  
f n  1 1 - A  (J-Y O p t i c a l  Systems, 
Metuchen, N J ) .  

Spectrometer  111: 0.5.m Czerny-Turner double  mono- 
chromator (Model 285, GCA/McPherson, 
Acton, M A ) .  The g r a t i n g ,  r e p l i c a t e d  
on bo th  s i d e s  o f .  b lank,  has  1200 
grooves/mm and i s  b lazed  f o r  300, nm: 
i n  f i r s t  o r d e r .  The e n t r a n c e ,  
i n t e r m e d i a t e ,  and e x i t  s l i t s  were s e t  
a t  10 u m  and masked t o  a  h e i g h t  of 
2  rnm. S t r a y  l i g h t  r e j e c t i o n  r a t i o s  
of  <10'1° a t  0 .5  nm and <lo-"  a t  
1 . 0  nm from A r  l a s e r  l i n e  a t  514.5 nm 
a r e  s p e c i f i e d  by t h e  manufac ture r .  
The d e t e c t o r  and r eadou t  e l e c t r o n i c s  
have been desc r ibed  p rev ious ly  ( 5 2 ) .  



E x c i t a t i o n  s o u r c e s  

I n d u c t i v e l y  coupled p lasmas  (ICP) were used as t h e .  

e x c i t a t i o n  s o u r c e s .  The ICP f a c i l i t y  employed w i t h  spectrom- 

e t e r s  I - A ,  -B, and -C was d e s c r i b e d  i n  Chapt.er 11. The 

forward power r e a d i n g  was 1200 W and t h e . r e f l e c t e d .  power 
I * 

r e a d i n g  was < 5  W .  The A r  f l ow  r a t e s  were 1 . 0  l /min  f o r  ' t h e  . . 

a e r o s o l  c a r r i e r  and 12 .5  l /min  f o r  t h e  plasma g a s .  The 4 mm 

h i g h  o b s e r v a t i o n  zone was - cen t e r ed  1 5  rnm above . . t h e  l o a d  ' 
. . .  . . . . '  

c o i l .  

The ICP g e n e r a t o r  (Model MN-2500E, Plasma-Therm; I n c . ,  

Kresson,  N J )  employed w i t h  s p e c t r o m e t e r s  1 1 - A  a n d . - B ' a n d  . . I11 

was o p e r a t e d  a t  a forward power l e v e l  o f  1100 Wat  a c r y s t a l  
. . 

c o n t r o l l e d  f requency  o f  27.12 MHz. The A r  f low r a t e s  were  

1 . 0  l/rnin f o r  t h e  a e r o s o l  c a r r i e r  and 1 5  l /min  f o r  t h e  p l a s m a .  . 

g a s .  The o b s e r v a t i o n  zones were c e n t e r e d  15,mm above t h e  

l o a d  c o i l ,  and t h e i r  h e i g h t s  were 6 t  mm f o r  s p e c t r o m e t e r  I1 

and 2 mm f o r  spec t rome te r  111. 

R e s u l t s  and Di3cu33ion 

Near s c a t t e r ,  s a t e l l i t e s ,  and Rowland g h o s t s  

The problems encounte red  i n  u l t r a t r a c e  ana ly se s ,  t h a t  may 

be caused by t h e s e  s o u r c e s  of s t r a y  l i g h t  a r e , i l l u s t r a t e d  f o r  

t h e  c a s e  o f  A 1  i n  t h e  p r e s e n c e  o f  Ca., 'Two'of t h e  ,most u s e f u l  

l i n e s  o f  A 1  occur  a t  394.40 and 396.15 nm, i n  c l o s e  p rox imi ty  

t o  t h e  s e n s i t i v e  i o n  l i n e s  o f  Ca a t  393.37 'and 396.85 nun. 



Calcium i s  h igh ly  ion i zed  [599% (24 ,25) ]  i n  t h e  ICP and t h e  

two i o n  l i n e s  a r e  emi t ted  i n  unusua l ly  h i g h  i n t e ' n s i t y ,  even 

a t  r e l a t i v e l y  low c o n c e n t r a t i o n s  of  Ca. A s  shown by t h e  

r e c o r d i n g s  i n  F igu re  19 ,  t h e s e  l i n e s  a r e  d e t e c t a b l e  as  

i m p u r i t i e s  when t h e  s o l u t i o n s  c o n t a i n i n g  5  ug/ml of  A 1  a r e  
. . 

in t roduced  i n t o  t h e  plasma. When s o l u t i o n s  c o n t a i n i n g ,  

a p p r e c i a b l e  c o n c e n t r a t i o n s  of Ca a r e  nebul ized ,  e.g., t h e  

1 0 0  t o  500 ug/ml c o n t e n t s  i n d i c a t e d  i n  F i g u r e  19,  t h e  A 1  l i n e s ,  

r e s i d e  i n  a  deep canyon between t h e  Ca I1 393.37 and 396.85 nm 

l i n e s .  S i g n i f i c a n t  upward s h i f t s  i n  t h e  background unde r ly ing  

bo th  A 1  l i n e s  accompany t h e s e  i n c r e a s e s  i n  Ca c o n c e n t r a t i o n .  

Although t h e  background s h i f t s  a r e  cons ide rab ly  l e s s  i n  

spec t rometer  I - C  t h a n  i n  I - A ,  t h e  s h i f t  (AB)  caused by 

500 pg/ml  Ca i n  spec t rometer  I - C  was s t i l l  equ iva l en t  t o  

2 pg/ml A l .  The g r a t i n g  i n  spec t rometer  I,-B produced a 

similar s h i f t .  Thus, a s i g n i f i c a n t  p o r t i o n  o f  t h e  background 

s h i f t  f o r s p e c t r o m e t e r  I - C  (and I -B)  may be  due t o  a com- 

b i n a t i o n  of t h e  d i f f r a c t i o n  e f f e c t s  of  t h e  g r a t i n g  a p e r t u r e  

( t h e  peak i n t e n s i t y  of t h e  secondary maximum. a t  a p o s i t i o n  

corresponding t o  396.156 nm would be  ~ 9  x of  t h e p e a k  

i n t e n s i t y  o f  t h e  p r i n c i p a l  maximum a t  396.847 nm when 

i n f i n i t e l y  narrow s l i t s  a r e  employed w i t h  a . g r a t i n g  w i t h  

60,000 grooves) ,  d i f f r a c t i o n  by t h e  m i r r o r  a p e r t u r e s ,  s c a t -  

t e r i n g  from t h e  mi r ro r ,  a b e r r a t i o n  and '  s l i t  broadening,  and 

misalignment o f  t h e  o p t i c a l  components r a t h e r  t h a n  g r a t i n g  



Figu re  19.  E f f e c t  of s t r a y  l i g h t  on t h e  observed background 

s i g n a l  between t h e  Ca I1 393.4 and 396.8 nm l . ines  
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i m p e r f e c t i o n s .  Ast igmat ism and s l i t  b roaden ing  e f f e c t s  

p l ayed  a minor r o l e  because  a r e d u c t i o n  i n  s l i t  w i d t h s f r o m  

1 5  t o  5  urn and s l i t  h e i g h t s  from 4 t o  2  mm produced o n l y  a  

s l i g h t  r e d u c t i o n  i n  backgro;nd s h i f t  r e l a t i v e  t o  t h e  A 1  I, '' .. 

l i n e s .  

The s t r a y  l i g h t  a d j a c e n t  t o  t h e  A l  I 396.15 nm l i n e  f o r  

spec t rome te r  I - C  was found t o  be  $ 7  x  o f  t h e  peak 

i n t e n s i t y  o f  t h e  Ca I1 396.85 nm l i n e ,  which i s  app rox ima te ly  

t h e  same f r a c t i o n  as  observed  a t  a %0.6  nm d i sp l acemen t  from 

t h e  Ne 632.8 nm l i n e  o f ,  a He-Ne l a s e r  .(Model S-2.03-H, 

C .  W .  R a d i a t i o n  I n c . ,  Mountain View, CA 94040) when a n  

a u x i l i a r y  l e n s  was employed t o  fill t h e  f u l l  a p e r t u r e  o f  t h e  

g r a t i n g .  These d a t a  i n d i c a t e  t h a t  t h e  background s h i f t s  

between t h e  Ca I1 l i n e s  shown i n  F i g u r e  19 were produced 

p r i m a r i l y  by s t r a y  l i g h t  and i n s t r u m e n t a l  br .oadening e f f e c t s  

w i t h  some p o s s i b l e  c o n t r i b u t i o n  from plasma l i n e .  b roaden ing  

e f f e c t s  d i s c u s s e d  below. 

Two minor a s p e c t s  o f  t h e  r e c o r d i n g  i n  F i g u r e  19  a r e  

worthy o f  ment ion.  F i r s t ,  t h e  background s h i f t s  (AB)  obse rved  

w i t h  t h e s e  s .pec t romete r s  were n o t  p r o p o r t i o n a l  t o  t h e  Ca con- 

c e n t r a t i o n s .  S e l f - a b s o r p t i o n  o f  t h e  Ca I1 l i n e s  may c o n t r i b -  

u t e  t o  t h i s  n o n l i n e a r i t y  ( s e e  d i s c u s s i o n  i n  a ' l a te r  p o r t i o n  

o f  t h e s i s ) ,  because  a c o n c e n t r a t i o n  o f  500 pg/ml Ca i s  more 

t h a n  6  o r d e r s  o f  magni tude  g r e a t e r  t h a n  t h e  d e t e c t 3 o n  l i m i t  

f o r  Ca. Second, t h e  b road  band "grass," ,  marked "A1' i n  t h e  

. . 



I - A  r e c o r d i n g s ,  a r o s e  f r o m  r e f l e c t i o n s  and s c a t t e r i n g  o f  t h e  

Ca I1 393.37 nm l i n e  i n  t h e  e x i t  s l i t  assembly.  T h i s  " g r a s s "  

was e l i m t n a t e d .  ( s e e  s p e c t r o m e t e r  'I-c r e c o r d i n g )  by b l a c k e n i n g  

t h e  e n t i r e  assembly.  

The r e c o r d i n g s  i n  F i g u r e  2 0 .  show a n  example o f  s t r a y  

l i g h t  c o n t r i b u t i o n s  from n e a r  s c a t t e r  and o t h e r  s o u r c e s  and 

from Rowland g h o s t s .  The p r e s e n c e  o f  50 o r  100. pg/ml C a . i n '  

t h e  nebu l i z ed  s o l u t i o n  c o n t r i b u t e s  b o t h  a s h i f t  i n  t h e  under-  

l y i n g  background and two i n t e r f e r i n g  " l i n e s " .  There  are no 

known l i n e s  o r  bands a t t r i b u t a b l e  t o  Ca a t  t h e s e  wave leng ths .  

The " l i n e s f f  a r e ,  i n  f a c t ,  t h e  7 t h  and 8 t h  o r d e r  Rowland . . 

g h o s t s  o f  t h e  Ca I1 396.85 nm l i n e .  ~ l t h o u ~ h  t h e  g r a t i n g  

used i n  spec t rome te r  I1 h a s  a n  u n u s u a l l y  h i g h  ghos t  i n t e n s i t y  

and i s  n o t  gene . r a l l y  a c c e p t a b l e  f o r  u l t r a t r a c e  a n a l y t i c a l  

a p p l i c a t i o n s ,  t h e  s h o u l d e r s  of t h e  Rowland g h o s t s  c o n t r i b u t e  

l e s s  background t o  t h e  A 1  I 396.15 nm l i n e  t h a n  t h e  g e n e r a l  

upward s h i f t  i n  t h e  u n d e r l y i n g  background c o n t r i b u t e d  by n e a r  

s c a t t e r  and i n s t r u m e n t a l  and plasma l i n e  b roaden ing  e f . f e . c t s  

( s e e  d i s c u s s i o n  below) .  

L ine  b roaden ing '  . . 

. . 

T h e  s c a n  between t h e  Ca I1 i o n  d o u b l e t  f o r t h e  1000 pg/ml 

Ca s o l u t i o n  o b t a i n e d  w i t h  t h e  doub l e  monochromator, spectrom- 

e t e r  111, a l s o  e x h i b i t s  a s i g n i f i c a n t '  background.  s h i f t  'as 

shown i n  F'igure 2 1 .  The s h i f t  a t  t h e  A 1  I 396.15 nm l i ne , ' .  ; 

which i s  e q u i v a l e n t  t o  i 0 . 4  pg/ml A 1  f o r  t h e  s o l u t i o n  



PURE H, 
WAVE LENGTH - 

Figure. 2 0 .  Ef.f.e.c t 'of Rowland gho.sts. and . s t ray .  li'ght.. on t h e  
background s i g n a l '  .ob.s er.ved w . i  t h  s.p.e.c t.r.0me.t e r  
11-A i n  t h e  r eg ion .  . . of the  A 1  I' 396 .1  nm l i n e  
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~ i ~ u r e  21. Background shift produced by broadening of the 
Ca I1 393.4 and 396.8 nm lines in the.p'lasma 
observed w i t h  spectrometer, .,I11 



c o n t a i n i n g  1 0 0 0  ug/ml Ca, i s  z l  x  lo-' of  t h e  measured peak 

i n t e n s i t y  o f  t h e  Ca I1 396.85 nm. l ine . '  Th is  b a c k g r o u n d . s h i f t  

i s  no t  due t o  s t r a y  l i g h t  o r  i n s t r u m e n t a l  . broadening,  . s i n c e .  

t h e  r a t i o  i s  much l a r g e r  than  t h e  s t r a y  l i g h t  r e j e c t i o n  

r a t i o  of < l o .  -lo a t  0.5 nm from the, p a r e n t  l i n e  s p e c i f i e d  by 

t h e  manufacturer  o r  t h e  expe r imen ta l ly  measured (see Figure  ' 

.. ' 

22 and r e l a t e d  d i s c u s s i o n  below) r a t i o  of < 2  x a t  0.4 nm. 

Thus, t h e  background s h i f t  shown i n  F igu re  2 1  i s  due t o  . . l i n e  

broadening o c c u r r i n g  i n  t h e  plasma. 

An extended wavelength p r o f i l e  f o r  t h e  r e g i o n  of t h e  

Ca I1 393.37 and 396.85 nm l i n e s ,  which was c o n s t r u c t e d  

from t h e  n e t  s i g n a l s  observed f o r  a s o l u t i o n  c o n t a i n i n g  

1000 pg/ml Ca a t  d i s c r e t e  wavelength . p o s i t i o n s  ' ( chosen  t.o 

exclude v a r i o u s  s p e c t r a l  f e a t u r e s  such as weak C a  l i n e s ) , . .  

i s  shown i n  F igu re  22 .  The ins t rument  p r o f i l e ,  . . ob ta ined  

wi th  t h e  Ne 632.8 n m . l i n e  from a He-Ne l a s e r , . i s  a l s o  shown 

i n  F igu re  2 2 .  A s  s t a t e d  above, s i n c e  t h e  i n s t r u m e n t . p r o f i 1 e  

i s  narrower t h a n  t h e  Ca l i n e  p r o f i l e s  a t  i n t e n s i t y  l e v e l s  
, . - 

of t h e  peak i n t e n s i t i e s ,  t h e  i n t e n s i t i e s  i n  t h e  wings 

of t h e  Ca l i n e s  d o , n o t  r e p r e s e n t  a n . i n s t r u m e n t a 1  a r t i f a c t  
. . 

bu t  l i n e  broadening.  i n  t h e  plasma. (This  -conclusi .on i s  . . 

based on t h e  assumption t h a t  t h e  ins t rument  p r o f i l e  i s  no t  

s t r o n g l y  wavelength dependent.  ) The d a t a .  i n  F i g u r e  .. . 22  . . 

demonstra te  t h a t  t h e  wings' of very s t r o n g  emiss ion l i n e s  may 

produce s i g n i f i c a n t  s p e c t r a l  i n t e r f e r e n c e s  as f a r  as  1 0  nm 
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Figu re  22 .  Extended p r o f i l e .  of  t h e  Ca 11' 3 9 3 . 4  and' 396.8 nm 
l i n e s  



o r  more from t h e  l i n e  c e n t e r .  Fo r  example, t h e  n e t  s i g n a l  : 

f o r  t h e  1000 yg/ml Ca s o l u t i o n -  a t  t h e  l owes t  wavelength  

shown i n  F i g u r e  22,  384.1 nm, i s  %30% o f  t h e  s i g n a l  observed 

w i t h  t h e  i n t r o d u c t i o n  of  d e i o n i z e d  H 2 0 ,  a l t h o u g h  t h i s  n e t  

s i g n a l  i s  o n l y  o f  t h e  n e t  s i g n a l  a t  t h e  ~a I1 393.37 nm 

l i n e  c e n t e r .  Th i s  f r a c t i o n  would b e  somewhat less t h a n  

i f  c o r r e c t i o n s  were a p p l i e d  f o r  t h e  s e l f - a b s o r p t i o n  o c c u r r i n g  

i n  t h e  c e n t r a l  p o r t i o n  o f  t h e  Ca I1 393.37 nm l i n e .  

The r e s u l t s  p r e s e n t e d  i n  F i g u r e s  21  and 22 i n d i c a t e  t h a t  

p r o p e r  c o n s i d e r a t i o n  must b e  g i v e n  t o  s p e c t r a l  i n t e r f e r e n c e s  

a r i s i n g  from t h e  wings o f  v e r y  s t r o n g  l i n e s  ( i n  a d d i t i o n  t o  

s t r a y  l i g h t )  i n  the ,  s e l e c t i o n  of  a n a l y s i s  1 i n e s . f o r  c e r t a i n  

m a t r i c e s .  Thus, a n o t h e r  A 1  l i n e  such  as t h e  A 1  I 308.22 nm 

l i n e  should  b e  employed f o r  t h e  d e t e r m i n a t i o n  o f  t r a c e  

l e v e l s  o f  A 1  i n  t h e  p r e sence  o f  v a r i a b l e  c o n c e n t r a t i o n s  o f  

Ca, u n l e s s  s u i t a b l e  wavelength  s cann ing  o r  o t h e r  e m p i r i c a l  

c o r r e c t i o n  p rocedures  a r e  employed. Only a small l o s s  i n  , . 

d e t e c t i o n  power, from 0.006 t o  0 . 0 2  yg/ml, would b e  irivo.lved 

i n  t h i s  a l t e r n a t e  l i n e  c h o i c e .  
. . 

'Replacement o f  t h e  g r a t i n g  i n  s p e c t r o m e t e r  1 1 - A  w i t h  a 

h o l o g r a p h i c a l l y  r e co rded  g r a t i n g  ( d e s i g n a t e d  11-B) r e s u l t e d  

i n  a decr'ease' o f  t h e  background s h i f t  u n d e r l y i n g  t h e  A 1  , . .I 

396.15 nm l i n e  by a f a c t o r  of on ly  i 5 .  To de t e rmine  i f  a .  

s i g n i f i c a n t  p o r t i o n  o f . t h i s  s h i f t  a r o s e  from s t r a y  l i g h t  o r  

i n s t r u m e n t a l  broadening,  t h e  e f f e c t  of v a r y i n g  .Ca concen- 

t r a t i o n s  on t h e  obse rved  s h i f t s  was jnveskTgaked. T h i s  



approach  was nec-essary  because  a  d i r e c t  comparison w i t h  

r e s u l t s  o b t a i n e d  w i t h  s p e c t r o m e t e r  I I I 'was  n o t  p o s s i b l e  due..  

t o  d i f f e r e n c e s  i n  t h e  i n s t r u m e n t a l  bandpasses ,  i n  p o r t i o n s  

of  t h e  plasma from which t h e  emi s s ion  i s  sampled, and i n  

plasma o p e r a t i n g  c o n d i t i o n s ;  e t c .  The a n a l y t i c a 1 , c u r v e  

o b t a i n e d  from t h e  c e n t r a l  p o r t i o n  o f  t h e  Ca I1 396.85 nm 
. . 

l i n e  e x h i b i t s  u n i t y  s l o p e  up t o  a  c o n c e n t r a t i o n  o f  %lo0  pg/ml 

as shown i n  F i g u r e  23. Above t h i s  c o n c e n t r a t i o n ,  s i g n i f i c a n t  

c u r v a t u r e  toward t h e  c o n c e n t r a t i o n  a x i s  i s  obse rved ,  which 

i n d i c a t e s  t h e  p r e sence  of s e l f - a b s o r p t i o n .  The log- log  p l o t  

o f  t h e  e q u i v a l e n t  A 1  c o n c e n t r a t i o n  v e r s u s  t h e  Ca c o n c e n t r a t i o n  

o b t a i n e d  w i t h  s p e c t r o m e t e r  I11 shown i n  F i g u r e  23, d i s p l a y s  
. . 

u n i t y  s l o p e  up t o  1 0 , O O ' O  pg/ml' Ca. T h i s  cu rve  i s  e s s e n t i a l l y  

a n  a n a l y t , i c a l  cu rve  f o r  Ca o b t a i n e d  from the .  wing o f  t h e  

Ca 11 396.85 nm l i n e .  These e x p e r i m e n t a l  r e s u l t s  a r e  i n  

agreement w i t h  s e v e r a l  t h e o r e t i c a l  t r e a t m e n t s  (133-135) which 

have shown tha t  s e l f - a b s o r p t i o n  by atoms p o s s e s s i n g  a n  

a b s o r p t i o n  l i n e  p r o f i l e  i d e n t i c a l  t o  o r  na r rower  t h a n  , t h e  - : 

emiss ion  l i n e  p r o f i l e  y i e l d s  a g r e a t e r  r e l a t i v e  d e c r e a s e  i n  

t h e  c e n t r a l  p o r t i o n  of  t h e  emi s s ion  l i n e  p r o f i l e  t h a n  i n  t h e  

.wings.  The p l o t  of t h e  C a  c o n c e n t r a t i o n  v e r s u s  t h e  ,equi 'valent  

A 1  concen t r a t , i ons  o b t a i n e d  w i t h  s p e c t r o m e t e r  11-B, shown i n  

F i g u r e  23 d i s p l a y s  u n i t y  s l o p e  up t o  i l 0 0  pg/ml, above which 

s i g n i f i c a n t  c u r v a t u r e  toward t h e  c o n c e n t r a t i o n  a x i s  i s  'shown. 

S i n c e  s i m i l a r  c u r v a t u r e  i s  obse rved  i n  t h e  c e n t r a l  p o r t i o n  o f  



F i g u r e  23. Background s h i f t s  a t  396.2 nm e x p r e s s e d  i n  terns 

o f  e q u i v a l e n t  A1 c o n c e n t r a t i o n  and a n a l y t i c a l  

c u r v e  f o r  t h e  Ca I1 396.8 nm l i n e  

X Spec-trometer  31'1, 396.8 nn 

0 S p e c t r o m e t e r  111, 396.2 nn 

S p e c t r o m e t e r  11-B, 396.2 nm 
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t h e  Ca I1 396.85 nm l i n e  b u t  n o t  i n  t h e  wing (as measured . . 

. w i t h '  s pec t rome te r .  111) , a s i g n i f i c a n t  p o r t i o n  o f  t h e s e  back- 

ground s h i f t s  observed w i t h  s p e c t r o m e t e r  11-B . must ' b e  due' t o  
. . .  s t r a y  l i g h t  from o r  i n s t r u m e n t a l .  b roaden ing  o f  t h e  c e n t r a l  

p o r t i o n  o f ' t h e  emiss ion  l i n e .  

F a r  s c a t t e r  

The s c a n s  i n  F i g u r e  2 4  i l l u s t r a t e  t h e  e f f e c t s  'of 

i n c r e a s i n g  c o n c e n t r a t i o n s  o f  C a  on t h e  obse rved  background i n  

t h e  r e g i o n  o f  t h e  Zn I 213.86 nm l i n e  w i t h  s p e c t r o m e t e r s  I - A  

and I - C .  The s t r u c t u r e  obse rved  when d e i o n i z e d  water was 

nebu l i z ed  a r o s e  from NO bands .  Even though t h e  Zn 213.86 nm 
Y 

l i n e  i s  c o i n c i d e n t  w i t h  one  o f  t h e s e  band components, t h i s  

l i n e  i s  s t i l l '  u s e f u l  f o r  q u a n t i t a t i v e  d e t e r m i n a t i o n '  a t  con- 

c e n t r a t i o n s  l e s s ,  t h a n  0 . 1  ug/ml Zn. With i n c r e a s i n g  Ca 

c o n c e n t r a t i o n s ,  upward s h i f t s  i n  t h e  b a s e l i n e  background w e r e '  

observed w i t h  each o f  t h e  s p e c t r o m e t e r s ,  b u t  t o  a  much g r e a t e r  

e x t e n t  f o r  s p e c t r o m e t e r  I - A .  That  t h e s e  upward s h i f t s  were 

due t o  s t r a y  l i g h t  i s  c l e a r l y  e v i d e n t  f o r , t h e  s c a n s  w i t h  1000  

ug/ml Ca w i t h  a  b o r o s i l i c a t e  g l a s s  f i l t e r  ( t r a n s m i t t a n c e  

a t  213.9 nm) i n  t h e  o p t i c a l  p a t h  ( C  and C f  i n  F i g u r e  2 4 ) .  

Fo r  s p e c t r o m e t e r  I - A  t h e  r e l a t i v e l y  l a r g e  s t r a y  l i g h t  

c o n t r i b u t i o n  from t h e  Ca concomitant  h a s  s t r u c t u r e  as w e l l . .  

Cons ide r ab l e  f a r  s c a t t e r  s t r u c t u r e  w'as a l s o  obse rved  w i t h  
. . 

spec t rome te r  I - A  w i t h  a  He-Ne l a s e r  when a n  a u x i l i a r y  l e n s  . : 

was employed. t o  f i l l  t h e  f u l l  a p e r t u r e  o f  t h e  g r a t ' i n g .  
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.re 24. Effect of far scat'ter from Ca.emission on the- 
observed background signal in the region of the 
Zn, I 213.9 nm line' . . 
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The f a r  s c a t t e r  observed w i t h  spec t rome te r  .I-A a t  a 

wavelength s e t t i n g  i n  t h e  r e g i o n  of t h e  Zn I 213.86, nm l i n e ,  

was on t h e  o rde r  of 2 x of t h e  sum of t h e  m e a s u r e d  f i r s t  

o r d e r  peak i n t e n s i t i e s  o f  t h e  C a  I1 393.37 and 396.85 nm 

l i n e s .  The 2  x f r a c t i o n  l e v e l  i s  i n  harmony w i t h  o t h e r  

o b s e r v a t i o n s  on some of  t h e  e a r l y  g r a t i n g s . r u l e d  under ' i n t e r -  

f e r o m e t r i c  c o n t r o l  (111) and i s  unacceptably  higfi. ,It i s  

a l s o  i n t e r e s t i n g  t o  no te  t h a t  1.5% of  t h e  H20 background 

s i g n a l  (A i n  F igu re  24) observed w i t h  spec t rome te r  I - A  was 

due t o  s t r a y  l i g h t  from r a d i a t i o n  passed by t h e  b o r o s i l i c a t e  

g l a s s  f i l t e r ,  whereas i n t r o d u c t i o n . o f  s o l u t i o n s  c o n t a i n i n g  

1000 pg/ml Ca produced a n  approximate two-fold i n c r e a s e  i n  

t h e  measured background. 

A r e d u c t i o n  of s t r a y  l i g h t  by a f a c t o r  o f  ~ 1 0  r e l a t i v e  

t o  t h e  Zn I l i n e  r e s u l t e d  when t h e  g r a t i n g  i n  spec t rome te r  

I - A  was r ep l aced  w i t h  a  h o l o g r a p h i c a l l y  recorded  g r a t i n g ,  

(des igna t ed  I - C )  as shown i n  F igu re  24. Even w i t h  t h i s  

r e d u c t i o n  t h e  background s h i f t  observed f o r  so lu t . i ons  con- 

t a i n i n g  1000 pg/ml Ca ( r e c o r d i n g  C 1  c o r r e c t e d  f o r  t h e .  

t r a n s m i t t a n c e  of t h e  f i l t e r )  was s t i l l  e q u i v a l e n t  t o  0.02 

pg/ml Zn, which i s  an  order ,  of magnitude g r e a t e r  t h a n  t h e . ,  

d e t e c t i o n  l i m i t  f o r  Zn. When t h e  s t r a y  l i g h t  gene ra t ed  by 

t h e  Ca concomitant  was expressed i n  terms o f  e q u i v a l e n t  .Zn 

c o n c e n t r a t i o n  ( t o  t a k e  i n t o  account  t h e  d i f f e r e n c e s  . i n . :  , . 
. .  . 

. . 

e f f i c i e n c i e s  of  t h e  g r a t i n g s ) ,  spec t rometer  I-B gave 

e s s e n t i a l l y  the same performance as spectrometer I - C .  



Although t h e  major  p o r t i o n  of  t h e  s t r a y  l i g h t  shown i n  

F i g u r e  24 f o r  spec t rome te r  I - A  was due  t o  f a r  s c a t t e r  from t h e  

g r a t i n g ,  o t h e r  s o u r c e s  o f  s t r a y  l i g h t  may produce  s i g n i f i c a n t  

c o n t r i b u t i o n s  w i t h  t h e  s u p e r i o r  g r a t i n g s  i n  s p e c t r o m e t e r s  I -B  

and I - C .  To e l i m i n a t e  t h e  c o n t r i b u t i o n s  t o . t h e  t o t a l  s t r a y  
. . . . 

l i g h t  s i g n a l  from t h e  f a r  s c a t t e r  from t h e  g r a t i n g  a n d . t h e  

s c a t t e r i n g  from t h e  e x i t  p o r t i o n  o f  t h e  m i r r o r ,  a b l a c k  

v e l v e t  c l o t h  was p l aced  ove r  t h e  e x i t  p o r t i o n  o f  t h e  m i r r o r .  

With t h e  covered  e x i t  m i r r o r ,  on ly  %0'.1% o f  t h e  b a s e l i n e  

background s i g n a l  ( r e c o r d i n g  A '  of F i g u r e  24) was observed .  

Thus, 0 . 1 %  r e p r e s e n t s  t h e  upper  l i m i t  f o r  s c a t . t e r i n g  o f  

r e f l e c t i o n  from t,he b l a c k  v e l v e t ' .  When 1000 pg/ml Ca 

s o l u t i o n s  were nebu l i z ed  w i t h  t h e  e x i t  m i r r o r  covered ,  

approx imate ly  1 0 %  and 25% r e s p e c t i v e l y  o f  t h e  t o t a l  s t r a y  ' . 

l i g h t  s i g n a l s ,  - i . e . , . d i f f e r e n c e  - between r e c o r d i n g s  B )  and A t  

i n  ~ ' i g u r e  24,  f o r  spect r .ometer  I-B and -C were obse rved .  

Thus, 90% and 75% 0.f t h e  s t r a y  l i g h t  s i g n a l s  o b s e r v e d , w i t h  

t h e s e  s p e c t r o m e t e r s  f o r  1000 pg/ml Ca s o l u t i o n s  were 

presumably due. t o  a combinat ion o f  f a r  s c a t t e r  from . t h e  

g r a t i n g  and s c a t t e r i n g  from t h e  ex i . t  m i r r o r .  

The r e c o r d i n g s  o b t a i n e d  w i t h  s p e c t r o m e t e r  I1 (shown i n  

F i g u r e  25) a r e  v e r y  s i m i l a r  t o  t h o s e  r eco rded  f o r  s p e c t r o m e t e r  

I - C .  The ICP employed w i t h  s p e c t r o m e t e r  I1 was o p e r a t e d  under  

s l i g h t l y  d i f f e r e n t  o p e r a t i n g  c o n d i t i o n s  t h a n  t h e  ICP employed 

w i t h  spec t rome te r  I - A ,  -B, and -C s o  t h a t  p r e c i s e  comparison 



. O.&g/mlZn O.Ipg/ml Zn 
?00pg/rnl Ca 1 000pg/rnl Ca 

DEIONIZED 0.C g /ml Zn .O:lpg/ml Zn 1000pg/rnl Ca 
H 0 : : ' .  500pg/ml  Ca 2 .  ZnI 213.9nm 

i 

. . . . 

. . .  . , . . ,  . . . . . . WITH PYREX FILTER--, . . 
. . .  

" . 
. . .. ..- . ~ - - - - - ' - - , , , , , - - - . - - - - - - - - - - -  - . . 

. .  4 . .  . . 
, . 

... . .' . 
' DARK CURRENT . .. . .. . . . . .  

. . 

. . 

, .  . 

. . . . . . . :: . ~j.gure..;. 25.. . ~ f f e c t  o f  far s c a t t e r  from Ca emiss ion  o n  t h e  background s i g n a l  obse rved '  
. . ' 

. . . .  w i t h  Spec t romete r  1 1 - A  i n  . t h e  r e g i o n . , o f  t h e  -Zn I 213-.9 nm l i n e  . . 

, . -  
. . . . 

. . 

. . 

I 

. . 

. . 

. . 

I 

. . 

. . 

i 

.. . 

, ' . .  . . . 
. . L . . 



of the performance of the spectrometers used to obtain the 

data in Figure 24 is not possible. 

The stray light in spectrometer I-A, which was ~2 x 

of the sum of the peak intensities of the Ca I1 393.37 and 

396.85 nm lines, produced a net signal equivalent to 

~ 0 . 2  &ml Zn. Thus, a reduction to 72 x would be 

necessary to reduce the stray light from solutions .containing 

1000 pg/ml Ca to a net signal level leas than that obtained 

with a solution.containing Zn at the detection limit concen- 

tration (0.002 ug/ml). This level of rejection of far stray 

light is apparently attainable with some spectrometers 

presently available. However, such factors as, grating 

efficiency, operating conditions of the ICP or'other exci- 

tation source, and sample compos.ition also play a role in 

determining the level, of stray light rejection necessary for 

the reduction of stray light to a negligible level. 

Knowledge of the specific radiations .responsible. for 
, . 

the stray light is a necessary prerequisite for.the judicious 

selection of measures to eliminate the problems. To 

determine the origin of the stray light arising from calcium, 

several filters with known transmittances were placed in the 

optical path and the differences between the .signals for 

solutions containing Ca and deionized H20 (hereafter called 

the net signal) were measured. The results .of, these experi- 

ments are shown in. Table VI. The principal origin of.the 



Table VI. Effect of filters on the stray light from Ca 

Spectrometer Sample nebulized Normalized Net Net Net Net 
signal at a signala signala signala signala 
wavelength with with with 
setting of boro- CS-3-75 CS-3-72 
213'.93 nm silicate filter - filter 

glass 
filter . . . . . . .  . . 

I-A or I-C H2° 

I-A 1000 pg/ml Ca 193 93 8o(9llb 25(891C $0. 1 d 

108 8 7(8) 2(7) 'LO I -C 1000 pg/ml. Ca 

I -A 10,000 pg/ml Ca 388 . 288 227(258) 69(246) $1.3 P 
0 

. . ul 
I-C 10,000 pg/m.l Ca 129 29 15(17) 

a ~ e t  signal = sample signal - signal for H20 (with filter for 5th, 6th, and 7th 
columns). 

b~alues in parentheses are corrected for the transmittance of the borosilicate 
glass filter at 393.37 nm, Lee., Net i transmittance of borosilicate glass filter. 

?values in parentheses are corrected for the transmittance o f  CS-3-75 filter 

. . 
1 : .  at 393.37'nm (0.26) and 396.85 nm (0.31.), weighted for the relative 'intensities of 

. . the Ca I1 393.3.7 and 396.85 nm lines,' .i.e., - Net GO. 26. 

-4  d~~ansmittance of CS-3-72 filter was ~ 1 0  at 393.37 nrn and i0.8 . from . 490 td , 

>750 nm. . . . . 



stray light may be assigned with confidence if quantitative 

agreement is found between the net signal with no filter 

(column 4 of Table VI) and the net signals with several 

carefully chosen filters, after corrections for .the trans- 

mittance of the filters at the suspected wavelength. of the 

stray light (values in parentheses in columns 5 and 6.of : 

Table VI). As shown in the fifth column of Table VI, the 
. . 

net signals observed for the 1000 pg/ml Ca solution . . were 

only slightly attenuated by a borosilicate glass filter . , ' 

(transmittance of. at 213.86 nm) . After correction for 

the transmittance of the borosilicate glass filter at.393.37 . , 

nm (or, because of the plateau in the transmittance curve 

of the filter, any wavelength.between ~ 3 . 5 0  nm and >.750 nm), 

reasonable quantitative agreement was obtained with the net . . 
. . 

signals observed for. the 1000. pg/ml Ca. solution .with no 
. . 

filter (column Thus, the majority of the net signals 

for the 1000 pg/ml Ca solution were due to radiation passed 

by the borosilicate glass filter. The net signals for the 

1000 pg/rnl Ca solution were partially attenuated with the, 

CS-3-75 filter (Corning Glass Works) as shown in the sixth 

column of Table VI. This filter is a sharp-cut, filter with.: 

transmittances of ~ 0 . 1  for wavelengths below 375 nm, 0.26 at 

393.37 nm, 0.31 at 396.85 nm, and 20.8 at wavelengths above 

460 nm. After correction for the measured transmittances, 

of the filter. at the Ca I1 393.37 and 396.85 nm lines, 



weighted for the relative intensities of these 'lines, 

reasonable quantitative agreement was found with the net 

signals observed with no filter. For the CS-3-72 filter, 

which is a sharp-cut, high wavelength pass filter with a 

transmittance of at 396.85 nm, the net signals for 

the 1000 u g / m l  Ca solution were nearly completely attenu- 

ated. This filter rejects the intense Ca lines at 393.37 

and 396.85 nm but passes the radiation from the CaO and CaOH 

bands in the visible. The data in column 7 show that only 

a negligible net signal is observed, hence.the major portion 

of the stray light observed with the 1000 pg/ml Ca solutions 

at a wavelength setting adjacent to the Zn I 213.86 nm line 

with spectrometers I-A and I-C arose from the Ca I1 393.37 

and 396.85 nm lines. 

It is evident from the data in column 4 of Table VI 

thatthe net signals for 10,000 pg/ml Ca solutions were not 

increased 10-fold over those observed for the 1000 pg/ml 

'solutions. Changes in the nebulization and transport 

efficiencies, self-absorption of the Ca I1 lines, or shifts 

in the real spectral background may have introduced a down- 

ward bias in the expected increase in thenet signal. . . .On 

the other hand, for spectrometer I-C, only half of the net 
. . 

. . 

signal was observed for the 10,000 pg/ml Ca solution when 

the borosilicate,glass filter was inserted into the .optical . . 

path. Thus, for concentrations of Ca greater than ~1,000 , ' 

pg/ml, either the stray light fr'om other Ca lines. .b.ecame 



more significant, or the real spectral background was- 

affected by the introduction of solutions containing >lo00 

pg/ml Ca. 

The effects of increasing concentrations of Mg 'in the 

nebulized solution on the background observed near the Zn I 

213.86 nm line are shown in Figure 26.- As in the'case of 

Ca, the upward shifts in the background observed with. 

increasing concentrations of Mg with these spectrometeri, 

as well as the apparent change in structure for.spectrometer 

I-A, were due to stray light as shown by the tracings . . with 

the CS-9-54 filter (Corning Glass Works) in the optical . . 

. . 
path. This filter is a sharp-cut, high-pass filter with 

transmittances of 0.05 at 213.86 . . nm and 0.86 at 280 nm. 

Thus, the CS-9-54 filter transmits most of the radiation 

from the very intense Mg I1 279..55 and 280.27 nm limes,' . 

which are the principal sources of the.stray light arising 

from appreciable concentrations of Mg in the ICP. .When.the 

stray light at 213.86 nm was expressed in terms of equivalent 

pg/ml Zn (to account for the differences in efficiencies of 

the gratings), the performance of spectrometer I-B was 

essentially the same as spectrometer I-C. Only 7 2 %  of the 

total stray light was observed in spectrometers I-B and I-C 

at 213.9 nm when the exit portion of the mirror.was covered 

with black velvet. Thus, 598% of the stray light (difference 

between B' and A' in Figure 26) appeared to arise,from, ' 
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t h e  Zn ,I 213'.9 .nm l i n e  



grating scatter or from scattering from the exit portion of 

the mirror of the first order Mg I1 279.55 and 280.27 nm 

lines (with possibly some contributions from the Mg 1.285.2 . . 

line). 

For spectrometer I-A the stray light level at a wave- 

length setting adjacent to the Zn I 213.86 nm line was 

24 x of the measured peak intensities (first order) of 

the Mg I1 279.55 and 280.27 nm lines. Because the stray 

light observed when solutions containing 1000-yg/ml Mg were 

nebulized into the plasma ,produced a net signal equivalent 

to 20.12 pg/ml Zn, a reduction to 77 x would be , ',. 

necessary at this Mg concentration t o  produce a net signal 

less than that obtained with a solution containing Zn at the 

,detection limit concentration (0'.002 ug/ml). ,.This.level of 

rejection of far stray is apparently attainable.with some 

spectrometers presently available. 

To eliminate the stray light contributions to the back- 

ground signal adjacent to the Zn I 213.86.m line, a,uv 

interference filter (transmittances of 0.34 at 21.3 ..86 nm, 

$0.004 at 279.6 nm, and 0.0002 at 393.4 nm; 78-2, Acton 

Research Corp., Acton, MA) was inserted in the optical path 

preceding the entrance slit of spectrometer II-B. No 

significant differences in the signals were observed for 

deionized H20 and 1000 pg/ml Ca or Mg solutions with a 

CS-9-54 filter in the optical path (in addition to the 



interference filter). Thus, the interference ,filter reduced 

the stray light from longer wavelength Ca or Mg radiation to 
. . . . ,  . 

insignificant levels. The absence of stray light from. 

radiation occurring within or below the bandpass of the 

filterwas not unequivocally established. .As ~ h o w n . ~ y  the 

normalized intensities in Table VII the addftion of up to 

1000 pg/ml Ca or Mg to the nebulized solution produced no 

significant change in the measured background signal, - i.~., 

71% of the background signal. The. data in Table VI als'o 

indicate that the addition of up to 1000 yg/ml Li, 

6900 pg/ml Na, or 20,000 pg/ml K produced no significant 

change in the background signal, although significant shifts 
. . 

were observed with the 5000 yg/ml Li and 23,.00.0 . pg/ml . Na 

solutions. Depressions in the background signals from ICPts 

have been observed by Scott and ~trasheim (136) for solutions 

containing K, Li, Mg or Ca (no corrections for the stray 

light were indicated) at 213.86 nm and by Dalager (137) for 

solutions containing Ca or Mg at several wavelength positions 

below 238.9 nm with interference filters immediately in 

front of the detectors. These discrepancies appe'ar to be' 

due to differences in operating conditions and require 

further study. For example, the data In Table VII were 

obtained with the capacitors of the impedance matching 

circuit at the positions which yielded , . the minimum reflec.ted 

power meter reading ( 7 5  W) with the introduction of d.eionized 



Table  VII. E f f e c t s  of v a r i o u s  e lements  on observed back- ', 

ground s i g n a l  w i t h  . i n t  erf.er.e.nc e  , f i l t e r  

Sample nebul ized  Normalized s i g n a l  of  
a  wavelength s e t t i n g  
o f .  213.9.3 nm 

a ~ i m i t s  a r e  t h e  s tandard  d e v i a t i o n .  



H 2 0 .  I f  t h e  c a p a c i t o r s  were r e a d j u s t e d  t o  y i e l d  a  r e f l e c t e d  

power o f  415 W, d e p r e s s i o n s  up t o  414% o f  t h e  background 

s i g n a l s  were obse rved  which were accompanied by i n c r e a s e s  . i n  

t h e  r e f l e c t e d  power Tn a p p a r e n t  agreement w i t h  t h e  obse r -  

v a t i o n s  o f  S c o t t  and S t r a she im  ( 1 3 6 ) .  However, upward.  

s h i f t s  i n  t h e  s p e c t r a l  background a d j a c e n t  t o  t h e  Zn .I 

213.86 nm l i n e  were observed w i t h  s p e c t r o m e t e r  I11 w i t h  t h e  

i n t r o d u c t i o n  o f  s o l u t i o n s  c o n t a i n i n g  200 t o  1000 vg/ml Mg 

( b u t  n o t  C a ) .  Fo r  example, t h e  s h i f t  obse rved  w i t h  t h e  

1000 ug/ml Mg s o l u t i o n  was %7% of t h e  s i g n a l  obse rved  w i thou t  

Mg. These, s h i f t s  cou ld  n o t  be a t t r i b u t e d  t o  s t r a y  l i g h t .  

P r e l i m i n a r y  exper iments  have shown t h a t  v a r i o u s  expe r imen t a l  

pa r ame te r s  i n f l u e n c e  t h e  r e l a t i v e  magni tude  'of t h e  s h i f t s  i n ,  

t h e  t r u e  s p e c t r a l  background, e.g., t h e  r a d i o f r e q u e n c y  power 

l e v e l ,  plasma g a s  f l ow  r a t e ,  and t h e  r e g i o n  from which t h e  

emi s s ion  i s  sampled. .Hence,  t h e  d i s c r e p a n c y  between t h e  

above mentioned r e s u l t s  from s p e c t r o m e t e r  I11 and t h e  d a t a  

i n  Tab le  V I I  may be a t t r i b u t . e d  t o  d i f f e r e n c e s  i n  t h e  exc i -  

t a t i o n  sou rce s .  However, d e f i n i t i v e  i n v e s t i g a t i o n s  o f  t h e  

e f f e c t s  o f  v a r i o u s  e lements  on t h e  - t r u e  s p e c t r a l  background 

w f l l  r e q u i r e  h i g h  s t r a y  l i g h t  r e j e c t i o n :  . . 

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  even w i t h o u t  a n  i n t e r -  

f e r e n c e ,  f i l t e r ,  t h e  s t r a y  l i g h t  passed  by a b o r o s i l i c a t e  

g l a s s  f i l t e r  w i t h  spec t rome te r  I - A  amounted t o  l e s s  t h a n  1% 

of  t h e  background s i g n a l  obse rved  w i t h o u t  t h e  f i l t e r  a t  



213.93 nun when s o l u t i o n s  c o n t a i n i n g  5000 pg/ml L i ,  23,000 

pg/ml Na, o r  20,000 pg/ml K were n e b u l i z e d .  The r e l a t i v e l y  

low s t r a y  l i g h t  l e v e l  may be a t t r i b u t e d  t o  s e v e r a l  f a c t o r s ;  

F i r s t ,  t h e  h i g h  deg ree  o f  i o n i z a t i o n  o f  t h e  a l k a l i  e l emen t s  

i n  t h e  ICP l e a d s  t o  r a r e  g a s  c o n f i g u r a t i o n s ,  whose s e n s i t i v e  

l i n e s  occur  i n  t h e  vacuum u l t r a v i o l e t  r e g i o n .  Second, '  ther're 

i s  a  l a r g e  wavelength  - s e p a r a t i o n  between t h e  most s e n s i t i v e .  . . 

a tomic  l i n e s  o f  t h e s e  e lements  and t h e  213.93 nrn wavelength  

s e t t i n g .  F i n a l l y ,  S-13 pho toca thodes  have  low quantum 

e f f i c i e n c y  a t  t h e  wavelengths  of  t h e . s e n s i t i v e  a tomic  l i n e s  

.of t h e s e  e l emen t s .  . . 
. . 

. . Ext raneous  s o u r c e s  o f  s t r a y  l i g h t  

Although g r a t i n g  i m p e r f e c t i o n s  have been i d e n t i f i e d .  

above a s  t h e  pr imary s o u r c e  o f  s t r a y  1 i g h t . i n  s o m e . g r a t i n g  

s p e c t r o m e t e r s ,  improvements i n  t h e  s t r a y  l i g h t  c h a r a c t e r -  

i s t i c s  o f  g r a t i n g s  have i n c r e a s e d  t h e  r e l a t i v e  impor tance  
. . 

of o t h e r  e x t r a n e o u s  s o u r c e s  o f  s t r a y  l i g h t .  Fo r  example, 

r e f l e c t i o n s  and s c a t t e r i n g  of t h e  Ca I1 393.37 i i n &  i n  

t h e  e x i t  s l i t  assembly of s p e c t r o m e t e r  I - A  c a u s e d  s i g n i f i c a n t  

l e v e l s  o f  s t r a y  l i g h t  as shown by t h e  b road  l i n e '  (marked.A)  

i n  F i g u r e  19 .  

A S  no ted  above, d i s p e r s e d  r a d i a t i o n .  t h a t  p a s s e s  th rough  

t h e  a p p r o p r i a t e  e x i t  s l i t s  o f  polychromator.s .may undergo 

s c a t t e r i n g  and r e f l e c t i o n  from t h e  secondary  m i r r o r s  employed 

t o  d e f l e c t  t h e  r a d i a t i o n  t o  t h e  a p p r o p r i a t e  d e t e c t o r  from 



secondary  m i r r o r  p o s t s ,  and from o t h e r  s u r f a c e s  b'eyond t h e  

e x i t  s l i t .  To a s s e s s  t h e  magnitude of t h e  s t r a y  l i g h t  t h a t  

e v e n t u a l l y  r e a c h e s  t h e  d e t e c t o r s  from t h e s e  s o u r c e s ,  a l l  o f  

t h e  e x i t  s l i t s  i n  spec t rome te r  11, excep t  t h o s e  o f  Ca I1 

393.37 and Mg I1 279.55 nm l i n e s  were b locked .  Al though a l l  

e x i t  s l i t s  o t h e r  t h a n  t h o s e  o f  Ca and Mg were b locked ,  it i s  

s t i l l  p o s s i b l e  t o  s c a n  each  of t h e  o t h e r  45 s p e c t r a l  l i n e s  

a c r o s s  t h e i r  a p p r o p r i a t e  b locked  e x i t  s l i t s .  Th i s  s cann ing  

a c t i o n  i s  ach ieved  by moving ' t h e  e n t r a n c e  s l i t  a l o n g  t h e  

Rowland c i r c l e  t o  change t h e  a n g l e  o f  i n c i d e n c e  o f  the,  

s o u r c e  r a d i a t i o n  on t h e  g r a t i n g .  During t h i s  exper iment  no 

s i g n a l  shou ld ,  of  cou r se ,  b e  obse rved  i n  t h e  b locked  

c h a n n e l s  i f  s t r a y  l i g h t  does  n o t  o r i g i n a t e  i n  $he secondary  

o p t i c s .  The r e c o r d i n g s  i n  F i g u r e s  27 and 28 d e f i n i t e l y  show 

t h a t  i s  n o t  so .  When s o l u t i o n s  c o n t a i n i n g  Ca and Mg were 

nebu l i z ed ,  i t  i s  s e e n  t h a t  ''pseudo l i n e s "  were r e c o r d e d  f o r  

t h e  T 1  I 377.57 a n d .  Fe 261.19 nm l i n e s ,  a t  p r e c i s e l y  t h e  

wavelength  s cann ing  p o s i t i o n  ( s l i t  d i a l  p o s i t i o n  = - 9 . 2 0  
. . .. . 

co r r e spond ing  t o  t h e  passage  of  . . t h e  Ca I1 and Mg I I ' , l i n e s  

th rough  t h e i r  r e s p e c t i v e  e x i t  s l i t s .  S i m i l a r  s c a n s  were 

o b t a i n e d  f o r  o t h e r  programmed channe l s .  Because t h e  s o l u t i o n s  

c o n t a i n e d  no d e t e c t a b l e  T 1  o r  Fe and t h e  e x i t  s l i t s  f o r  t h e s e  

channe l s  were b locked,  t h e s e  s i g n a l s  d i d  n o t  o r i g i n a t e  from 

c h a r a c t e r i s t i c  T 1  . o r  Fe r a d i a t i o n  p a s s i n g  th rough .  t .he e x i t  
. ,  . 

s l i t s .  These s i g n a l s ,  i n  f a c t ,  r e s u l t e d  from s c a t t e r i n g  and 
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r e f l e c t i o n s  of t h e  Ca and Mg i o n  l i n e  r a d i a t i o n  i n  t h e  

secondary o p t i c s  r e g i o n  du r ing  t h e  t r a n s i t  of t h e s e  l i n e s  

a c r o s s  t h e i r  r e s p e c t i v e  e x i t  s l i t s .  

I n  spec t rometer  I1 o t h e r  ex t raneous  sou rces  o f  s t r a y  

. l i g h t  were p r e s e n t  i n  a d d i t i o n  t o  t h a t ,  gene ra t ed  by s c a t t e r -  

i n g  and r e f l e c t i o n  i n  t h e  secondary o p t i c s  of  r a d i a t i o n  

pas s ing  th rough  t h e  e x i t  s l i t s .  For  example, t h e  d i f f e r e n c e  

i n  t h e  measured s i g n a l s  f,.or t h e  scans  w i t h  de ion ized  H20 and 

t h e  1000 pg/ml Mg s o l u t i o n s  i n  F igu re  27 was e ' s s e n t i a l l y  t h e  

same as t h a t  observed i n  ano the r  experiment w i t h  of  t h e  

e x i t  s l i t s  blocked.  S i m i l a r l y ,  t h e  s i g n a l s .  obs.erved f o r  t h e  

1000 pg/ml Ca s o l u t i o n  w i t h  a l l  e x i t  s l i t s  blocked except  

f o r  t h e  Ca I1 and Mg I1 l i n e s  (F igu re  2 7 )  a t  s can  pos i t : i ons  

s u f f i c i e n t l y  removed from t h e  -9.20 s l i t  d i a l  p o s i t i o n ,  

e . g . ,  a t  -9.40, d i d  not  d i f f e r  s i g n i f i c a n t l y  from t h o s e  

observed w i t h  of t h e  e x i t  s l i t s  blocked.  A p o r t i o n  .of 

t h e s e  s t r a y  l i g h t  s i g n a l s  a p p a r e n t l y  a r o s e  from radiation. 

r e f l e c t e d  from t h e  b r i g h t  m e t a l l i c  f i n i s h  o n t h e  f a c e  o f  t h e  

e x i t  s l i t  jaws which escaped th rough  t h e  t u b i n g  and b a f f l i n g  

l e a d i n g  t o  t h e  en t r ance  s l i t .  

The s t r a y . l i g h t  s i g n a l s  observed i n  spec t rometer  1 I . f o r  

t h e  1000 pg/ml  Ca o r  Mg s o l u t i o n s  w i t h  all ' of  t h e  e x i t  s l i t s  

blocked except  f o r  t h e  Ca I1 and Mg I1 l i n e s  ranged from a n  

' i n s i g n i f i c a n t  f r a c t i o n  of the,  t o t a l  s t r a y  l i g h t  s i g n a l  w i t h  

a l l  s l i t s  opened t o  as much a s  a h a l f  o f  t h i s  t o t a l .  However, 



w i t h  improvements i n  t h e  s t r a y  l i g h t  c h a r a c t e r i s t i c s  o f  

g r a t i n g s ,  t h e s e  o t h e r  s o u r c e s  o f  s t r a y  l i g h t  may become more 

s i g n i f i c a n t ,  t h u s  r e q u i r i n g  h i g h e r  q u a l i t y  e n g i n e e r i n g  i n  

t h e  d e s i g n  and c o n s t r u c t i o n  o f  po lychromators .  

The d a t a  p r e s e n t e d . a b o v e  s t r o n g l y  s u g g e s t  t h a t  t h e . u p -  

ward s h i f t s  i n  t h e  measured background produced by r e l a t i v e l y  

h i g h  c o n c e n t r a t i o n s  of  Ca r e p o r t e d  p r e v i o u s l y  by Borms -- e t  a l .  

( 1 3 8 ) ,  S c o t t  and Kokot ( 7 6 1 ,  and Boumans and d e  Boer ( 1 3 9 )  

were due  t o  s t r a y  l i g h t  r a t h e r  t h a n  a c t u a l  s h i f t s  i n  t h e  t r u e  

s p e c t r a l  background.  The s t r a y  l i g h t  e f f e c t s  documented 

above have  undoub ted ly  o c c u r r e d  i n  o t h e r  . o p t i c a l  e m i s s i o n  

s t u d i e s  b u t  have n o t  been r e c o g n i z e d  b e c a u s e  a n a l y s e s  were 

n o t  performed n e a r  d e t e c t i o n  l i m i t  c o n c e n t r a t i o n s ,  o r  t h e  

e f f e c t s  o f  s t r a y  l i g h t  were obscured  by i n d i r e c t  e f f e c t s , o n  

t h e  r e a l  s p e c t r a l  background, o r  o t h e r  i n t e r e l e m e n t  i n t e r -  

a c t i o n s  caused  f a r  g r e a t e r  e x c u r s i o n s  i n  n e t  l i n e  i n t e n s i t i e s .  

It shou ld  b e  r e a l i z e d  t h a t  upward s h i f t s  i n  t h e  measured 

background may be  produced n o t  o n l y  by s t r a y  l i g h t  a r i s i n g  

from a  few v e r y  i n t e n s e  l i n e s  b u t  a l s o  by a l a r g e  number o f  

l e s s  i n t e n s e  l i n e s  o r  m o l e c u l a r  bands .  F o r  i n s t a n c e ,  t h e  

i n t r o d u c t i o n  of  s o l u t i o n s  c o n t a i n i n g  1000 y g / m l o f  Fe ,  Mn, 

o r  A 1  produced a  s h i f t  i n  t h e  background (above t h a t  obse rved  

w i t h  t h e  i n t r o d u c t i o n  o f  d e i o n i z e d  H 2 0  o n l y )  a d j a c e n t  t o  t h e  

' ~ n  I 213.86 nm l i n e  e q u i v a l e n t  t o  40.2,  yo. 1 4 ,  o r  yo. 06 pg/ml 

Zn, r e s p e c t i v e l y  w i t h  s p e c t r o m e t e r  I - A .  S i n c e  t h e r e  a r e  



l a r g e  v a r i a t i o n s  i n  t h e  s t r a y  l i g h t  c h a r a c t e r i s t i c s  o f  

d i f f e r e n t  spec t rome te r s  and even i n  g r a t i n g s  produced by t h e  

same techn ique ,  it i s  impor tan t  t o  i d e n t i f y  t h e s e  e f f e c t s  

w i th  each  spec t rome te r .  

S o l u t i o n s  t o  t h e  S t r a y  L igh t .  Problem 

S t r a y  l i g h t  l e v e l s  may be dec r ea sed  s i g n i f i c a n t l y  

th rough  t h e  u s e  of " s t a t e  of t h e  a r t t '  g r a t i n g s  and o p t i c a l  

components a s  w e l l  as th rough  q u a l i t y  e n g i n e e r i n g  i n  t h e  

d e s i g n  of  spec t rome te r s .  For  example, a l l  nonopt ic  s u r f a c e s  

w i t h i n  a  spec t rome te r  should  pos se s s  a n  o p t i c a l l y  f l a t  b l a c k  

c o a t i n g .  B a f f l e s  should  be l o c a t e d '  t o  ' t r a p  t h e  ze ro  and 

o t h e r  o r d e r . r a d i a t i o n s  t h a t  a r e  n o t  used .  I n  polychromators  

l i g h i  t u n n e l s  and b a f f l e s  may .be nece s sa ry  a t  a p p r o p r i a t e  

l o c a t i o n s  i n  t h e  secondary  0p t i c . s  r e g i o n  t o  p r even t  o p t i c a l  

"c ro  s s - t a l k "  between channe l s .  S t r a y  l i g h t  i n  t h e  secondary  

o p t i c s  r e g i o n  may a l s o  be  reduced by e l i m i n a t i o n  o r  

temporary b lockage o f  e x i t  s l i t s  f o r  i n t e n s e  l i n e s  of  

e lements  normal ly  p r e s e n t  i n  samples a t  v a r y i n g  h i g h  con- 

c e n t r a t i o n s .  However, r e d u c t i o n  of s t r a y  l i g h t  t o  i n s i g n i f -  

i c a n t  l e v e l s  f o r  a l l  sample t y p e s  may n o t  be p o s s i b l e  .even 

wi th  . " s t a t e  of' t h e  a r t "  s i n g l e - p a s s  s p e c t r o m e t e r s .  

Norma.1 i n t e r f e r e n c e  c o r r e c t i o n  p rocedures  can  be  used  

t o  c o r r e c t  f o r  s t r a y  l i g h t  once t h e  concomi tan t s  c a u s i n g  t h e  

s t r a y  l i g h t  have been i d e n t i f i e d .  P r e l im ina ry  r e s u l t s  ( 7 7 )  

have r e v e a l e d  t h a t  e m p i r i c a l  c o r r e c t i o n  c o e f f i c i e n t s  based 



on a l i n e a r  r e l a t i o n s h i p  w i t h  t h e  i n t e r f e r e n t  c o n c e n t r a t i o n  

do n o t  g e n e r a l l y  p rov ide  v a l i d  c o r r e c t i o n s .  These r e s u l t s  

imply t h a t  e i t h e r  c o r r e c t i o n  c u r v e s  shou ld  be  e s t a b l i s h e d  

o r  t h e  c o e f f i c i e n t s  shou ld  be  based on measured i n t e n s i t i e s  

of  t h e  p a r e n t  l i n e  o r  l i n e s .  D i r e c t  r e a d i n g  po lychromators  

s i m p l i f y  t h i s  t a s k  by a l l o w i n g  s imu l t aneous  measurement o f  

t h e  p a r e n t  concomitant  i n t e n s i t i e s  from which a p p r o p r i a t e  

c o r r e c t i o n  c o e f f i c i e n t s  may be c a l c u l a t e d .  S t r a y  l i g h t  

a r i s i n g  from t h e  cumula t ive  e f f e c t  of  many e l emen t s  o r  l i n e s  

may, however, n e c e s s a r i l y  comp l i ca t e  t h e  c o r r e c t i o n  

p rocedu re .  

Double monochromat iza t ion  (129)  p r o v i d e s  a  s u b s t a n t i a l  

r e d u c t i o n  o f  s t r a y  l i g h t  ( t h e  r a t i o  o f  t h e  s t r a y  l i g h t  

i n t e n s i t y  t o  t h e  p a r e n t  l i n e  i s  squa red )  and s h o u l d , e l i m i n a t e  

t h e  need f o r  c o r r e c t i o n s  f o r  s t r a y  l i g h t  i n  n e a r l y  a l l  

s i t u a t i o n s .  P r i s m  p r e d i s p e r s i o n  w i l l  a l s o  p r o v i d e  s i g n i f i c a n t  

r e d u c t i o n  of  s t r a y  l i g h t  i n  many s i t u a t i o n s .  

The j u d i c i o u s  s e l e c t i o n  of t h e  s p e c t r a l  r e s p o n s e  o f  t h e  

d e t e c t o r s  may b.e used t o  good advan t age  i n  r e d u c i n g  . s t r a y  

l i g h t  c o n t r i b u t i o n s .  For  example, s o l a r  b l i n d  pho tomul t i -  

p l i e r s  .employing Cs-Te o r  Rb-Te pho toca thodes  may 

s u b s t a n t i a l l y  r educe  o r  e l i m i n a t e  t h e  l o n g  wavelength  s t r a y  

l i g h t  c o n t r i b u t i o n s  from Ca i n  t h e  d e t e r m i n a t i o n  of  Zn o r  

o t h e r  e lements  w i t h  s e n s i t i v e  l i n e s  below ~ 3 0 0  nm. However, 

no r e d u c t i o n  can be expec ted  f o r  t h e  s t r a y  l i g h t  c o n t r i b u t i o n  



from Mg. O p t i c a l  f i l t e r s  can  a l s o  p r o v i d e  a n  e f f e c t i v e  means 

of s t r a y  l i g h t  r e d u c t i o n .  I n  many c a s e s  s u f f i c i e n t  r e j e c t i o n  

of  f a r  s t r a y  l i g h t  may be ach i eved  w i t h  narrow bandpass  

i n t e r f e r e n c e  f i l t e r s  p l aced  immedia te ly  i n  f r o n t  of  t h e  

d e t e c t o r s  i n  a  polychromator  (140,141) o r  i n  f r o n t ,  o f  t h e  

e n t r a n c e  s l i t  of a monochromator. A s  d i s c u s s e d  i n  a 

p r e v i o u s  s e c t i o n ,  t h e  s t r a y  l i g h t  a t  a wavelength  s e t t i n g  o f  

213.93 nm a r i s i n g  from a s o l u t i o n  c o n t a i n i n g  1000 pg/ml Ca 

o r  Mg was e s s e n t i a l l y  e l i m i n a t e d  w i t h  a n  i n t e r f e r e n c e  f i l t e r  

i n  t h e  o p t i c a l  p a t h .  I n t e r f e r e n c e  f i l t e r s  f o r  t h e  190-230 nm 

r e g i o n ,  which were p laced  immedia te ly  i n  f r o n t -  o f  t h e  

d e t e c t o r s  i n  spec t rome te r  11-B, e l i m i n a t e d  t h e  s t r a y  l i g h t  

from up t o  1000 pg/ml Ca ( 1 4 0 ) .  Upward s h i f t s  i n  t h e  t r u e  

! 
s p e c t r a l  background were a l s o  observed w i t h  s o l u t i o n s  con- 

t a i n i n g  Mg i n  agreement w i t h  t h e  o b s e r v a t i o n s  w i t h  

spec t rome te r  I11 w i t h  t h e  same ICP f a c i l i t y  d i s c u s s e d  above .  

Wavelength s cann ing  o r  modula t ion  t e c h n i q u e s  (1.42-145) 

p rov ide  e x c e l l e n t  background c o r r e c t i o n  f o r  c o n s t a n t  o r  

s lowly  v a r y i n g  background and shou ld  p r o v i d e  c o r r e c t i o n  f o r  

b a s e l i n e  s h i f t s  i n  t h e  background produced by s t r a y  l i g h t .  

It should  be r e a l i z e d  t h a t  s t r a y  l i g h t  o f t e n  p o s s e s s e s  

s i g n i f i c a n t  s t r u c t u r e ,  - e . g . ,  Rowland g h o s t s  as i l l u s t r a t e d  

by t h e  t r a c i n g s  i n  F i g u r e  20, t h e  f a r  s c a t t e r  w i t h  spectrom- 

e t e r  I - A  i n  F i g u r e s  24 and 26, and t h e  "pseudo l i n e s "  

o r i g i n a t i n g  from s c a t t e r i n g  and r e f l e c t i o n  i n  t h e  secondary  



o p t i c s  r e g i o n  i l l u s t r a t e d  i n  F i g u r e s  27 and 2 8 .  It shou ld  

be r ecogn i zed  t h a t  wavelength  s cann ing  , o r  modula t ion  

t e c h n i q u e s  can compensate f o r  s h i f t s  i n  t h e  t r u e  s p e c t r a l  

background which may r e s u l t  from t h e  wings o f  s p e c t r a l  l i n e s  

a s  i l l u s t r a t e d  i n  F i g u r e s  21 and 22 ,  o r  from o t h e r  s o u r c e s  

such a s  t h o s e  d i s c u s s e d  i n  t h e  I n t r o d u c t i ' o n  of t h i s  c h a p t e r .  

F u r t h e r  r e s e a r c h  i s  needed t o  de t e rmine  which approach  i n  

t h i s  broad c a t e g o r y  p r o v i d e s  t h e  most v a l i d  background 

c o r r e c t i o n .  C a r e f u l  c o n s i d e r a t i o n  shou ld  b e  . g i v e n  t o  s i t u -  

a t i o n s  i n  which t h e  background o r  background s h i f t  p o s s e s s e s  

s t r u c t u r e  o r  i n  which a  s p e c t r a l  l i n e  .occurs  n e a r  t h e '  
. . 

a n a l y s i s  l i n e .  
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